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ABSTRACT 

High health status in nucleus and multiplication farms at the top of swine breeding pyramid 

is a barrier to genetic selection of disease resilient pigs. This resulted in a gap between the 

performance measured in the breeding company and the performance observed at the commercial 

level. At this time practical tools to select for resilient pigs do not exist. The overall objective of 

the thesis was to identify key differences in the complete blood count (CBC), namely blood 

erythrocyte, leukocyte and platelet concentrations between resilient and susceptible animals before 

and after natural challenge and to assess the potential of complete blood count (CBC) as a tool for 

breeders to select disease resilient animals in a high health environment. 

We studied 893 high health crossbred (Landrace x Yorkshire) barrows from multiplication 

farms. These barrows were introduced in batches and exposed naturally to multiple diseases 

simultaneously in a test station. Natural disease challenge was established using seeder pigs to 

simulate high disease pressure typical of a commercial situation. Performance traits (growth rate 

and treatment rate) were assessed and used to classify pigs into resilient and susceptible groups. 

Profiling of 29 haematological parameters was performed on whole blood samples collected from 

individual pigs before and after pathogen challenge in the natural challenge model. 

In chapter 3, in contrast to resilient pigs, susceptible pigs were found to have a low 

neutrophil concentration before challenge and a persistently higher concentration of neutrophils 

after disease challenge. This result was supported by the persistently higher expression of 

inflammatory cytokine genes such as TNF-α (P=0.08), IL-8 and IL-1B (P=0.09) in susceptible pigs 

after disease challenge. Although differences in red blood cells, platelets and their related traits 

before and after challenge did not provide any significant insights for the resilience trait, 

hemoglobin (FDR=0.05), MCV (FDR=0.02), together with WBC (lymphocytes (FDR=0.04) and 

monocytes (FDR=0.04)) were found to be significantly different between groups before challenge. 
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These CBC traits were therefore potential predictors of resilience at the commercial level in high 

health farms. This result led to the study in chapter 4, where principal component analysis was 

used to reduce the dimensions of the CBC data before challenge. A linear prediction model was 

then trained using the generated principal components and stepwise feature selection. In this study, 

different resilient/susceptible classification methods were used and resulted in different 

proportions of animals in these two groups. Among these methods and their respective prediction 

models, method B yielded an average 55.0% prediction accuracy that was significantly higher 

(P<0.004) than prediction accuracy of random classifier, 50.0%. Although the accuracy is 

relatively poor the predicted resilient group in method B showed significantly lower treatment rate 

(P=0.05) and shorter days to market (P<0.05) that looked promising in terms of its practical use in 

the field.  

 The findings from this thesis provide evidence that pre-challenge CBC could potentially 

be used by breeders in the classification of resilient and susceptible pigs in genetic nucleus and 

multiplication farms with high health status although further investigation is warranted to validate 

prediction results. Resilient and susceptible pigs showed different CBC and cytokine gene 

expression profiles before and after disease challenge. These differences may explain the 

disease/infection outcome of these two groups of pigs and could be developed as predictors of 

resilience. 
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Chapter 1. Application of Complete Blood Count as a Measure of Immune Responsiveness 

for Prediction of Disease Resilient Pigs in a Natural Challenge Model 

 

1.1 Introduction 

 The swine industry contributes substantially to the Canadian economy, in 2015 generating 

revenue of $3.43 billion in pork exports. The pork sector accounts for 30% of total livestock 

shipments and was the 4th largest agricultural industry in Canada, after canola, dairy products and 

cattle. Swine producers are primarily located in the Quebec-Atlantic provinces (37.9%), 

Saskatchewan-Manitoba provinces (27.4%), Ontario (21.0%), followed by British Columbia-

Alberta (13.7%) (Statistics Canada, 2015; Canada Pork International, 2015). 

 From 1921 to 2011, the number of pig farms in Canada went from 8.1 per 100 inhabitants 

to 0.6 per 100 inhabitants, which represents a trend of consolidation and vertical integration in the 

industry (Statistics Canada, 2015). As pig farms have grown larger over the past few decades, large 

pig populations concentrated in a few areas pose a real challenge in managing swine health and 

farm biosecurity. Conventionally, swine health is maintained through several health strategies. The 

control of endemic diseases is usually done by maximizing immunity and minimizing the 

challenge or by correcting environmental-management deficiencies that will restore the herd health 

(Friendship, 2017). Alternatively, there are pathogens that can be eliminated through the use of 

medication, or depopulation of infected herds and repopulation with new animals free from the 

disease (e.g. transmissible gastroenteritis and porcine reproductive and respiratory syndrome 

(PRRS)), or exposing the herd on purpose to get herd immunity. The third strategy is to prevent 

the introduction of pathogens into the herd by applying key biosecurity measures, such as careful 
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management of replacement stock, quarantine procedures, prevention of disease transfers from 

trucks and fomites etc. (Friendship, 2017).  

 Vaccination is also a key component in maintaining and increasing herd immunity. 

Decisions on vaccination have to be assessed on a herd basis and therefore disease status in the 

farm has to be updated frequently. The decision is also made after consideration of the cost, 

efficacy and return on investment of the vaccine and also the risk of reoccurrence of the disease 

(Friendship, 2017). Medication, such as use of antibiotics, has been used strategically in feed, 

water and by injection to help reduce the negative economic impact of diseases and also to relieve 

the suffering of the animals. 

 The swine industry in North America has been plagued by numerous endemic and epidemic 

diseases that cause swine producers and the industry a substantial financial loss as well as welfare 

issues. An emerging disease, porcine epidemic diarrhea (PED) spread rapidly through the United 

States, causing high mortality and morbidity in the US pig production, and subsequently spread to 

Canada and Mexico in 2014 (Lee, 2015). More than 8 million newborn piglets died in the US in 

2013 as a result of PED (Lee, 2015). Canada had its first case in January 2014, in a 500-sow 

farrow-to-finish herd in southwestern Ontario (Ojkic et al., 2015). PED is now globally recognized 

as an emerging and re-emerging disease and it has become a major financial issue for the swine 

industry worldwide (Lee, 2015). On the other hand, PRRS is a major endemic disease caused by a 

primary infection by PRRS virus (PRRSV), which has a major economic impact. For example, 

productivity losses for the US swine industry have been estimated to be $664 million annually 

(Holtkamp et al., 2013). The virus causes reproductive failure, respiratory disease, and growth 

retardation in the pigs. In addition to direct production losses, PRRSV significantly increases 

animal health costs for pharmaceuticals, biologicals, and diagnostics as well (Holtkamp et al., 
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2013). However, due to the high degree of genetic variation in field PRRSV, current PRRS 

modified live vaccine (MLV) and killed vaccine confer only limited protection and fail to prevent 

the propagation of the infection (Thanawongnuwech and Suradhat, 2010; Charerntantanakul, 2012; 

Li et al., 2014). Moreover, like many other MLVs, PRRSV-MLVs have safety concerns including 

vertical and horizontal transmission of the vaccine virus and several documented incidences of 

reversion to virulence (Renukaradhya et al., 2015). Swine health status is further exacerbated by 

the banning of antimicrobial growth promoters (AGP) in Europe in 2006 which is due to the 

pressure to reduce antibiotic use in pig production worldwide (Cogliani et al., 2011). Occurrence 

of these diseases is a constant reminder to the swine industry of the importance of swine health 

and biosecurity in pig production, and more importantly novel approaches to solve the problem 

have to be encouraged.  

 As resistance traits are difficult or impossible to measure directly, immune responsiveness 

has thus been proposed as an indirect indicator of disease resistance in animals (Biozzi et al., 1980; 

Gavora and Spencer, 1983; Rothschild, 1989). Immune response measured from various immune 

traits that define the immune capacity of an animal determine the infection/disease outcome of an 

animal. The potential application of using these immune traits in the breeding scheme to select for 

healthier pigs that are less susceptible to infectious agents is an emerging trend in pig breeding 

(Flori et al., 2011). The selection of these immune traits is not easily achieved with the highly 

intricate and interactive nature of these traits. Ultimately, the choice of immune traits to be 

included in the breeding scheme will be based primarily on our knowledge of the immune system 

in pigs.  

 Classically, the immune system can be divided into innate and adaptive immunity. Innate 

immunity is delivered by cells such as phagocytes, natural killer cells, dendritic cells and 
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circulating proteins such as the complement system and several antimicrobial peptides (Abbas and 

Janeway, 2000). Innate immunity is an essential feature of the immune system where it is the front 

line of host defense after physical barriers such as skin break down. However, innate immunity 

does not guarantee a complete elimination of these microorganisms as there are some which are 

not recognizable.  

 Therefore, lymphocytes of the adaptive arm of the immune system provide extra protection 

especially against the reinfection by the same microorganism. Adaptive immunity can further be 

divided into antibody-mediated immune response (AMIR) and cell-mediated immune response 

(CMIR). AMIR protects the host against extracellular pathogens (typically bacteria), whilst CMIR 

protects the host against intracellular pathogens (e.g. viruses and intracellular bacteria and 

parasites). Even with these defense systems, several swine viral pathogens have been known to 

evade and replicate within the host by modulating the immunity of susceptible pigs. These viruses 

modulate innate and adaptive immunity by altering the cytokine patterns of macrophages and 

dendritic cells, as well as by modifying expression of molecules in antigen presentation that assist 

propagation of these viruses in the host. Examples of these viruses include PRRSV and porcine 

circovirus type 2 (PCV2). These viruses are able to cause immunosuppression by inducing strong 

regulatory cytokine response, via production of IL-10 in an infection (Mateu and Diaz, 2008; 

Darwich and Mateu, 2012).    

 This review will first focus on explaining the differences of the terms: resistance, 

susceptibility and resilience with some examples for each term. Then, we will look into the 

different types of conventional challenge models, challenges in their setup and weaknesses of each 

model, and how a new approach to resilience and a natural disease challenge model can help in 

exploring the resilience trait. We will also be discussing immune responses to major swine diseases 



5 
 

and the utilization of these responses as biomarkers for resistance/resilience, and the potential use 

of complete blood count parameters as resilience biomarkers. 

 

1.2 Disease Resilience Trait 

1.2.1 Definitions: resistance, susceptibility and resilience 

Resistance has been defined as the ability of an animal to suppress establishment and 

development of an infection (Albers et al., 1984). Alternatively, it could be a situation where target 

tissue or cells of a resistant animal does not possess a pathogen receptor that would enable binding 

and entry of a pathogen into the cells as the first step of an infection (Plastow, 2016). This can also 

be referred to as true resistance where animals are completely unaffected by exposure to a pathogen. 

A classic example of a true resistance in pigs is Escherichia coli F18 (ECF18) associated diarrhea 

(Meijerink et al., 2000). Piglets that are resistant to ECF18 do not express a specific gene: 

fucosyltransferase 1 (FUT1) that relates to a specific receptor on the gut epithelium. As a result, 

they lack the adhesion site for the fimbriated ECF18 on the gut epithelium post-weaning. Genetic 

selection of ECF18 resistant pigs successfully reduces mortality which could be more than 20% in 

a naïve herd and modulates a potential loss in growth rate in pigs that survive (van der Steen et al., 

2005).   

On the other hand, susceptibility describes a direct opposite of the definition of resistance. 

Due to inability to reject the entry of a pathogen or to suppress development of an infection, a 

susceptible individual thus may succumb to the infection or if it survives, experience a reduction 

in growth rate and also in body weight over time compared with a resistant individual. Host genetic 

variation for susceptibility has been observed in many diseases (Bishop, 2010). For example, 

variation in susceptibility towards tuberculosis in cattle can be observed when infected cattle 
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experienced different impact of the disease and recovery time, despite control of various aspects 

such as the management, pathogen burden and environment (Allen et al., 2010). In pigs, PRRS 

challenge experiments conducted at Kansas State University also revealed that despite a well-

controlled environment, viral load and growth rate in the study pigs differs greatly (Boddicker et 

al., 2012).  

This variation in susceptibility is often polygenic in nature (Plastow, 2016). A polygenic 

trait is a trait that is controlled by large number of genes usually distributed across the genome 

where each gene explains a small proportion of the variation of the trait (Plastow, 2016). By using 

genome-wide association studies (GWAS), researchers have been able to use sequence variations 

(mainly single nucleotide polymorphisms, SNPs) in the whole genome, together with the 

phenotype and pedigree information, to perform association analysis and to identify genes that are 

important for the traits of interest in pigs such as boar taint, fertility, body composition and 

structural soundness etc. (Grindflek et al., 2011; Fan et al., 2011). In swine diseases, a region on 

Sus scrofa chromosome 4 (SSC4) was identified to have explained more than 10% of the variation 

in cumulative PRRS virus load post-infection (Boddicker et al., 2012). This variation can also be 

termed as oligogenic as this genomic region has been found to explain a relatively large amount 

of the variation (Plastow, 2016). The family of genes in the same region has also been associated 

with a higher weight gain and innate immunity of grower pigs (Rowland et al., 2012). This result 

suggests that it is possible to select for a commercial pig which is less susceptible to PRRS viral 

infection. In a separate study, a significant genomic component associated with PRRSV antibody 

response and number of stillborn was detected in data collected from sows in farms undergoing a 

PRRS outbreak (Serao et al., 2014). In these sows, 40% of the genetic variation in PRRSV antibody 
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response can be explained by two regions on SSC7 indicating the potential of antibody response 

to be used as an indicator of the impact of PRRS on reproductive traits (Serao et al., 2014).  

 There is a tendency within the industry to think of a resistant animal which is completely 

unaffected by a pathogen and indeed there are some examples of disease resistance in livestock, 

e.g. ECF18 (above). However, owing to the polygenic nature of the trait, breeding an animal with 

resistance to most diseases may not be achievable. Instead, an alternative may be to improve 

‘generalized immunity’ of an animal where there is an increased ability of animals to respond to 

multiple pathogens and reduction of the impact of subclinical infections (Bishop, 2004). This is 

now termed resilience, “an ability of animals to respond to any infection in a way that minimizes 

the impact of disease” (Plastow, 2016). The impact of disease, or the animal productivity has been 

the centre of the definition of resilience. Productivity can vary from slaughter weight, days to 

market, average daily gain (ADG) and feed conversion rate (FCR) for a finisher pig; or it could be 

litter size, weaning weight, and percentage of stillborn for a sow in a commercial farm. Thus, 

instead of focusing only on the cost of treatment and mortality as in resistance, resilience takes 

into consideration the loss of potential growth or the economic impact of morbidity in the event of 

a disease occurrence (Plastow, 2016).    

Furthermore, pathogen burden is not required in the measurement of resilience. By using a 

simulation, resilience is determined to be useful and practical in the selection of resistance without 

the need for records of pathogen burden, although these records if available, can further increase 

the accuracy of selection (Mulder and Rashidi, 2017). Often, the collection of phenotypes such as 

pathogen burden is a costly and difficult procedure. Using field samples, there are problems such 

as incomplete exposure to infection, low precision in diagnostic tests and variation in disease 

challenge that tend to reduce heritability of the resistance traits (Bishop and Woolliams, 2014). 
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Resilience is thus deemed to be a more realistic way of studying the response of animals towards 

an infection. 

 There have been numerous research studies of the resilience trait in different species in the 

past, yet the results have been mixed. In cattle, a test that measures both AMIR and CMIR has 

been created and used in cattle in identifying individuals with high or low immune response 

(Mallard et al., 1992; Sarker et al., 2000; Heriazon et al., 2011). By using this test, Canadian 

Holstein cows that have high AMIR and CMIR are found to have a lower occurrence of mastitis, 

improved vaccine response and increased milk and colostrum quality (Wagter et al., 2000; 

Thompson-Crispi and Mallard, 2012). Early work of resilience in pigs by the same group also 

focussed on the measurement of immune response, namely innate and adaptive responses. Pigs 

were selected based on their level of immune response to Hen Egg White Lysozyme (HEWL) 

challenge. However, after several generations of selection for high immune response to HEWL, 

these pigs were found to have a higher incidence of arthritis after Mycoplasma hyorhinis challenge 

(Wilkie and Mallard, 1999). Henryon et al. (2006) found no genetic associations between baseline 

levels of a number of immune traits and resistance to respiratory, lameness and other diseases. On 

the other hand, other researchers reported a negative genetic association between some immune 

traits and weight gain of pigs in a lower health status associated with commercial farms, indicating 

that genetic variability for this trait may be better expressed in low health environments 

(Clapperton et al., 2009). A wide range of immune parameters have been shown to be moderately 

to highly heritable (Flori et al. 2011, Henryon et al. 2006, Clapperton et al. 2008). So far, these 

mixed results have not led to the creation of a practical tool and there is no consensus among 

scientists about which specific immunity traits to use in pig breeding programs. 
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1.3 Disease challenge models  

 In the pig production pyramid, genetic improvement is normally done in a clean 

environment where this high health status is maintained with strict biosecurity, vaccination and 

management procedures. Decisions in genetic selection are usually made based on the performance 

potential measured under high health conditions at the top of the production pyramid. As the health 

status degrades going down the production pyramid, a gap exists between the performance stated 

in the breeding company and the performance observed in the commercial level (Plastow, 2016). 

The high health status in the genetic nucleus and multiplication farms at the top of the swine 

production pyramid is a barrier to phenotypic selection of disease resilient pigs that perform better 

in the lower health commercial level. However, whilst there are absolute advantages in maintaining 

high biosecurity within the farm as it favours genetic and phenotypic selection of certain 

performance traits such as feed conversion rate (FCR), average daily gain (ADG), reproduction 

traits, carcass traits etc., it poses an obvious weakness in identification and selection of animals 

that are disease resilient.  

 In the studies related to resistance traits in animals, researchers have been relying on a few 

disease challenge models. In the first type of model, data are harvested from farms with endemic 

diseases, such as mastitis and nematode infections; or epidemic diseases, such as bovine 

tuberculosis outbreaks (Bermingham et al., 2013). The collection of field samples is often 

‘opportunistic’ in nature (Bishop and Woolliams, 2014). Thus, data collected from such an 

experimental design tends to be costly and difficult logistically (Bishop and Woolliams et al., 

2014). Chances of misclassification of animals could be high with a low sensitivity diagnostic test, 

or when an exposure to infection is unknown. In both cases, estimated SNP effects will be reduced 

and biased (Bishop and Woolliams, 2014). A second model uses a disease-specific approach where 
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animals are challenged artificially using a standardized dose of a specific pathogen administered 

intra-nasally, intramuscularly or by ingestion to create an infection or disease condition. This type 

of challenge model is often smaller in scale, and the number of pathogens that can be tested are 

normally restricted to only one or sometimes two. In the third model, a large scale experimental 

design where animals are subjected to standardized environment and artificial disease challenge 

that is deliberately created and which it has been proposed as an ideal model for developing 

genomic predictors of resistance (Bishop and Wooliams, 2014). Compared to the second model, 

the third model is relatively larger in scale and an increased level of difficulty in setting up the 

model and higher cost involved. This type of challenge model may be more feasible in fish (Wetten 

et al., 2007; Moen et al., 2009) and chickens (Pinard-van der Laan et al., 2009), it is comparatively 

harder to emulate in terrestrial mammals (Bishop and Woolliams, 2014). It is thus rare in pigs as 

it requires large-scale funding and collaborations between several partners, seen in the study of 

PRRS disease in swine (Boddicker et al., 2012).     

 A natural disease challenge model (NDCM) has therefore been created with the aim to 

overcome some of the weaknesses of conventional challenge models and to explore disease 

resilience in pigs. This is the model that my thesis work is based on. A road map proposed for the 

application of animal genomics for animal health suggested that it could be more productive to 

study many diseases within the same population than to oversee many smaller disease-specific 

studies (Archibald et al., 2008). Furthermore, it is also important to recognize the co-infection of 

multiple pathogens in commercial production and its combined detrimental effect in pigs. This is 

demonstrated in the porcine respiratory disease complex (PRDC) where Mycoplasma 

hyopneumoniae potentiates the effect of PCV2 and PRRSV infections (Chae, 2016). Another 

example would be the porcine circovirus associated diseases (PCVAD), which are the combination 
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of different diseases attributed to porcine circovirus. Concurrent viral or bacterial infections such 

as PRRSV, Mycoplasma hyopneumoniae, Haemophilus parasuis and Streptococcus suis often 

accelerate the onset, increase the severity and prolong the duration of PCVAD (Opriessnig and 

Halbur, 2012). Recognizing these insufficiencies in conventional challenge models, NDCM uses 

the concept of mixed infections by introducing different swine diseases using seeder pigs from 

different commercial farms (Plastow, 2016). Thus, by using NDCM, genetic improvement of 

‘generalized immunity’ in animals in response to various types of pathogens in the low health 

commercial environment can be explored (Bishop and Woolliams, 2004). 

 Furthermore, the challenges of collecting data from the field and the issue of an 

underestimated heritability of relevant traits due to a biased estimated SNP effect can be overcome 

by creating an environment where pigs are subjected to a more standardized challenge environment 

in NDCM. As mentioned, this type of experimental design requires large-scale funding and 

partnership between industry and academia, NDCM is currently used in studying resilience in pigs 

in Canada (Dyck et al., 2016; Plastow, 2016). More details on NDCM can be found in Chapter 2 

of this thesis.     

 

1.4 The immune system 

1.4.1 Immune system overview  

 Skin and all mucous membrane in the body openings form external barriers and provide a 

first line defence against pathogens. These mechanical barriers are assisted by chemical substances 

such as acid, mucus, enzymes and hair-like structures, e.g. cilia in the bronchi, to prevent 

pathogens from entering the host systems.  
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 Upon breakdown or evasion by pathogens of this first line of defence, the body triggers an 

innate response that recruits greater numbers of white blood cells such as monocytes and 

neutrophils from the blood circulation that are actively phagocytic (Figure 1.1). Also, production 

of chemical mediators such as the complement system, a series of more than 30 proteins that react 

with one another to damage bacteria by creating pores in the bacterial membrane; specific 

immunoglobulins (Ig) which coat bacteria and render them inactive or more vulnerable to 

phagocytes, in which both processes are called opsonization. This inflammatory response also 

includes the production of histamine by mast cells, which promotes vasodilation and a diverse host 

of chemical agents designated as cytokines (e.g., interleukins, interferons), which attract immune 

system cells, promote fever and inhibit bacterial and viral replication. All these changes form the 

second line of defense against many common bacteria. Cells involved in innate immunity use 

pattern recognition receptors (PRR) to identify the pathogen-associated molecular patterns (PAMP) 

present on the microbes (Abbas and Janeway, 2000). This is essential especially in the recognition 

and elimination of extracellular foreign microorganisms. Binding of the bacteria to the receptor 

triggers the phagocytic process and the release of cytokines, key regulators of immune responses. 

Cytokines are potent immunomodulatory molecules that act as mediators of inflammation and the 

immune response. Innate response is relatively fast (within 4 hours) as its reaction does not depend 

on previous exposure to the pathogens. Closely integrated with adaptive immunity, innate 

immunity initiates and determines the subsequent direction of the adaptive response.  

 As the innate defense system may not be able to eliminate infectious organisms that are not 

recognizable or that are able to evade host innate immunity, the host then mobilizes a defense 

mechanism with higher specificity, this is the adaptive immune response which consists mainly of 
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T lymphocytes and B lymphocytes, which is also considered the final line of the defense system 

(Figure 1.1).  

 The CMIR of adaptive immunity is characterized by T lymphocytes. After completing their 

development in the thymus, T-cells enter the bloodstream and are induced by the peptide:MHC 

complex on the surface of APC to proliferate and differentiate into effector T-cells. These effector 

cells include cytotoxic T-cells, killer cells that destroy foreign antigens or cells containing foreign 

proteins upon recognition; helper T-cells produce cytokines that promote the proliferation of both 

cytotoxic T-cells and B-cells; and suppressor T-cells that produce inhibitory cytokines that stop 

the proliferation when the invading pathogens have been destroyed. CMIR responds effectively 

towards intracellular pathogens and is characterized by the production of IL-2, interferon-gamma 

(IFN-y) and antibodies of IgG2 isotype (Estes and Brown, 2002; Zhu and Paul, 2008). 

 In AMIR, the second class of adaptive immunity, B lymphocytes produce antibodies, 

proteins that are capable of combining with and inactivating foreign antigens. Binding of antibody 

inactivates viruses and microbial toxins by disrupting their ability to bind to receptors of host cells. 

Antibody binding also marks the invading pathogens which in turn enhances the phagocytic ability 

of cells involved in innate immunity. In the spleen, these B lymphocytes differentiate into plasma 

cells and memory B lymphocytes. Plasma cells are specialized to produce specific antibodies at a 

much higher rate than regular B lymphocytes. AMIR predominates in the host response towards 

extracellular pathogens and is characterized by the production of IL-4, IL-13 and antibodies of 

IgG1 isotype (Thompson-Crispi et al., 2012). Several other classes of immunoglobulins with 

antibody activity that are equally important in AMIR includes IgA, IgM and IgE. IgA is mainly 

distributed on mucosal surfaces and various types of secretion, such as saliva, colostrum, sweat 

and tears, whilst IgM and IgE are mainly distributed in the blood.   
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 In adaptive immunity, the first encounter with the antigen that leads to the production of 

effector cells takes four to seven days after pathogen recognition. Contrary to innate response, both 

B and T cells produce memory cells that retain the capacity to recognize a specific foreign protein 

after the first encounter. This enables a more rapid production of effector cells with subsequent 

exposures to the same infectious antigen. 

 

1.4.2 Immune responses as biomarkers of the resilience trait 

 Immune response to an infection or disease has long been proposed as an indirect indicator 

of disease resistance trait of an animal (Biozzi et al., 1980; Gavora and Spencer, 1983; Rothschild, 

1989). Genetic variation in host susceptibility to infectious disease undoubtedly exists, largely 

contributed by the variation of host immune response to infection (Bishop, 2010). It is important 

to note that a higher level of immune responses may not translate to a better host defence as 

different types of immune response may be deployed to eliminate different kinds of pathogens 

(Roitt et al., 2001; Adamo, 2004). Moreover, excessive immune response might cause more harm 

than cure. This is evidenced in the example mentioned earlier, animals selected for higher immune 

response are more inclined to develop arthritis following Mycoplasma hyorhinis challenge (Wilkie 

and Mallard, 1999).  

 Several immune traits have been studied and linked to the occurrence and persistence of 

swine diseases. Lowe et al. (2005) has proposed a higher level of CMIR, as indicated by the 

secretion of interferon-gamma (IFN-y) secreting cells, decreases the reproductive clinical signs of 

PRRS in sows in commercial farms. In grower-finisher pigs, the variation of gene expression of 

all three cytokines, IL-1B, IL-8 and IFN-y in serum has been significantly correlated with PRRS 

virus level and linked to the persistence of PRRS in pigs (Lunney et al., 2010). PCV-2 infected 
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pigs presenting with poor growth, interstitial pneumonia and sudden death were shown to exhibit 

strong response in the systemic concentrations of IL-10, IL-1B and IL-8 (Darwich and Mateu, 

2012). An elevated level of C-reactive protein (CRP), an acute phase protein, and IL-10 have also 

been identified as an early sign of PCV2-infected piglets that subsequently developed severe post-

weaning multi-systemic syndrome (PMWS) (Stevenson et al., 2006). Acute phase proteins are 

plasma proteins, produced by hepatocytes upon stimulation by pro-inflammatory cytokines, where 

the circulating concentrations are adaptively regulated in response to most forms of inflammation, 

infection and tissue injury. Links have also been established between some of these immune traits 

with the performance of pigs at the commercial level. Peripheral blood mononuclear leucocyte 

(PBML) subset, CD11R1+ cells consisting of natural killer (NK) cells and NK T cells and 

alpha(1)-Acid glycoprotein (AGP), another acute phase protein have also been suggested as 

predictors of pig performance in low health status in commercial farms (Clapperton et al., 2009). 

Here, we envision that resilience could be an outcome resulting from the combined effect of 

multiple immune biomarkers and cannot at present be accurately predicted based on evaluation of 

individual immune biomarkers.     

 In sheep, haematological parameters that include white blood cells have been researched 

to rank the resistance level to Haemonchus contortus in sheep in Australia (Andronicos et al., 

2014). This is to complement the conventional selection strategy that involves differential packed 

cell volume (PCV) and fecal egg count (FEC) (Andronicos et al., 2014). In dairy cattle, a broad-

based immune response, high immune response (HIR) technology has been developed that 

includes utilization of AMIR and CMIR in turn to develop a breeding index in the selection of 

Canadian Holsteins with reduced mastitis incidence (Mallard et al., 2011). This tool has also been 
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successfully marketed under the trade name IMMUNITY+® and implemented not only in the 

Canadian dairy cattle industry but worldwide (Semex, 2018).     

  

1.4.3 Complete blood count 

 Complete blood count (CBC) has been an important extension of physical examination 

used by clinicians to monitor an immune response or state (Jones and Allison, 2007). It is used by 

clinicians to monitor disease progression, assess bone marrow and immunological functions, 

determine types of anemia etc. in both veterinary and human medicine. 

 In addition, immune response of animals can be evaluated using total white blood cells 

(WBC) and their differential cell concentrations, such as the neutrophils, lymphocytes, monocytes, 

eosinophils and basophils. The differential count by cell types is more important than the total 

WBC as an increase in a cell type and a decrease in another cell type can happen at the same time 

and not change the total WBC (Jones and Allison, 2007). Lymphocytes are predominantly B cells 

and T cells that play important roles in adaptive immune response.  

 Neutrophils migrate to the site of damaged tissue or inflammation within two hours of 

invasion by foreign material or pathogens (Jones and Allison, 2007). An elevated neutrophil count, 

or neutrophilia may occur in response to an inflammation, stressful conditions or during exercise 

(Jones and Allison, 2007). Pathological lymphocytosis is also found in cases of chronic viral 

infections, chronic pyogenic infections or autoimmune diseases (Jones and Allison, 2007). On the 

contrary, lymphopenia, the condition of having an abnormally low level of lymphocytes in the 

blood is the hallmark of viral infections with tropism for rapidly dividing cells, such as PRRSV 

and Porcine Parvovirus infections. PRRSV modulates host immunity by suppressing innate 

immunity causing an abnormality in B cell proliferation (Butler et al., 2014). Previous studies have 
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also reported the observation of an elevated IL-10 mRNA expression in the thymus of PCV2-

infected pigs that suffered from severe lymphopenia (Darwich et al., 2003; Kerarainen et al., 2008; 

Sipos et al., 2004). Monocyte concentration has also been reported to have a negative genetic 

correlation with pig performance under specific pathogen-free (SPF) environments (Clapperton et 

al., 2009).   

 Platelets have been discovered in recent years to play an important role not only in 

hemostasis but also in inflammation by influencing innate and adaptive immunities (Stoppelar et 

al., 2014). It has also been suggested that platelets are a biomarker for early sepsis recognition as 

they are involved in the sepsis pathogenesis and contribute to sepsis complications (Stoppelar et 

al., 2014). Platelets are also reported to have an active role in the activation of the complement 

cascade in vascular inflammation and thrombosis (Peerschke et al., 2010). Numerous 

inflammatory mediators secreted by platelets, that have no known function in haemostasis, modify 

leukocyte and endothelial responses to different inflammatory stimuli (Thomas and Storey, 2015). 

Mediated by platelet P-selectin, platelets form bridges between endothelium and leukocytes 

promoting inflammation (Thomas and Storey, 2015). PMWS-affected pigs are often found to be 

lymphopenic and thrombocytopenic with a relative and absolute monocytosis (Mendes et al., 2008; 

Sibila et al., 2004).         

 In animal science research, CBC measured early in life for selection of the residual feed 

intake of pigs could be effective as a few CBC traits were shown to have a substantial genetic 

component (Mpetile et al., 2015). As introduced above in sheep, besides using packed cell volume 

(PCV) and fecal egg count (FEC), a CBC profile that includes white blood cells, red blood cells 

and platelets have been used by researchers in developing a prediction algorithm to rank the 
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resistance of sheep to Haemonchus contortus and they are able to classify these sheep into resistant 

and susceptible groups with 80% and 100% accuracy respectively (Andronicos et al., 2014). 

 

1.5 Conclusion 

 For many years, researchers have been focusing their efforts in finding the key towards 

resistance trait of a specific swine disease, however, breeding an animal with resistance to most 

diseases may not be achievable. Disease resilience therefore offers a pragmatic approach by 

focusing on the impact of performance from disease exposure or infection.  This approach may be 

more straightforward to measure. Furthermore, these research studies may also have been 

constrained by the approaches used such as the conventional challenge model and the requirement 

to obtain pathogen burden within the animal. High cost and difficulty of obtaining such phenotypes 

limit the scale of the research and thus reduce the power of the research especially from a genetic 

point of view. NDCM thus presented an unprecedented platform for researchers to extract valuable 

phenotypes that includes the biological samples, performance and health records of over 3000 pigs. 

 

1.6 Overall objectives and hypothesis 

The overall objective of the thesis was to assess the potential of complete blood count 

(CBC) as a tool for breeders to select disease resilient animals in a high health environment, e.g. 

genetic nucleus and multiplication farms in order to close the difference in gap between the 

performance measured in the breeding company and the performance observed at the commercial 

level. 

The specific objectives were: 
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1. To identify key differences in the CBC profile between resilient and susceptible animals 

before and after natural challenge (Chapter 3) 

2. To determine whether the higher neutrophil-lymphocyte ratio (NLR) after natural 

challenge in susceptible animals is associated with the higher level of pro-inflammatory 

cytokine gene expression (Chapter 3) 

3. To evaluate the potential of using CBC results to develop an algorithm to predict the 

resilience classification of pigs even before the natural challenge (Chapter 4)       

As mentioned previously, immune traits have been associated with the occurrence and 

persistence of certain swine diseases (Lowe et al., 2015; Lunney et al., 2010; Darwich and Mateu, 

2012; Clapperton et al., 2009). It could therefore be an indirect indicator to measure resilience trait 

in pig. CBC has long been used by clinicians to measure immune response in veterinary medicine. 

This test has been used by researchers to rank resistance level of Haemonchus contortus in sheep 

and to classify resistant and susceptible sheep with high accuracy (Andronicos et al., 2014). Based 

on the above findings, we postulated that resilient and susceptible pigs would express different 

immune response and that these different responses can be observed in the CBC. In addition, these 

differences in CBC may help identify and explain the ability of resilient pigs to recover from 

infection and reduce the impact of disease. Measurable differences in CBC before the occurrence 

of disease challenge can be used to develop a prediction algorithm for the resilience classification 

of the animals. 

Therefore, the hypotheses of this work were: a) there are differences in CBC profiles 

between resilient and susceptible pigs before and/or after challenge; b) susceptible animals have 

higher levels of expression of genes for pro-inflammatory cytokines after natural challenge; c) pre-

challenge CBC data can be used to predict the resilience classification of the animals.   
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Figure 1.1 Components involved in innate and adaptive immunity 
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Chapter 2. Descriptive Analysis of Pig Performance, Mortality and Treatment Causes in 

Cycle One and Two of a Natural Disease Challenge Model 

 

2.1 Introduction 

The high health status in the genetic nucleus (GN) and multiplication farms at the top of 

the swine breeding pyramid is a barrier to phenotypic selection of disease resilient pigs that 

perform better in the lower health commercial level. These GN farms are normally located in a 

geographically isolated area, away from commercial farms, cities and highways, with the aim of 

minimizing any routes of transmission of pathogen/disease, as biosecurity is a major concern in 

these facilities. Disease prevention and control is the key to maintaining healthy genetic 

improvement in breeding farms.  

However, whilst there are absolute advantages in maintaining high biosecurity within the 

farm as it favours genetic and phenotypic selection of certain performance traits such as feed 

conversion ratio (FCR), average daily gain (ADG), reproduction traits, carcass traits etc., it poses 

an obvious weakness in identification and selection of animals that are disease resilient. Under 

these high health conditions, disease resilience trait identification and selection would not be 

achievable. In the industry, breeders have been using semen of pureline GN herd sires to 

inseminate commercial sows at the commercial level. Performance traits of these crossbred 

progeny such as litter size, weaning weight, resilience, gilt health status and piglet survivability 

are then incorporated in the GN database. This has enabled breeders to derive a Cross-bred 

Breeding Value (CBV), together with pure bred Estimated Breeding Value (EBV). In this way the 

selection of the pure breed dam and sire in the GN farms has been enhanced to address the 

performance of the commercial pig (Evans, 2009). The latter is the overall measure of 
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improvement and is measured as the genetic merit of an animal, half of which will be passed on to 

its progeny. However, producers may be reluctant to use semen of pure GN herd sires in their 

breeding program as single sire mating may reduce litter size if the selected sire is subfertile. The 

potential economic loss in litter size may hamper the participation of producers and with the 

questionable sustainability of this method, breeders may not garner sufficient participation to 

derive a meaningful CBV. Alternatively, pedigree recording in the commercial level can still be 

implemented using mixed semen mating with the assistance of genotyping technology, however, 

this is not done because of the high cost incurred to genotype all the sires, dams and their offspring.   

To help decipher the underlying mechanism of susceptibility or resistance to certain 

diseases, researchers used to collect performance data and biological samples from commercial 

farms undergoing a disease outbreak. As discussed in Chapter 1, pathogen exposure in the field 

environment and sensitivity of diagnostic tests tend to play crucial roles in determining the success 

in this type of challenge model. As indicated, heritability of disease resistance and the power of 

datasets under such conditions are often low (Bishop and Woolliams, 2010). Instead of relying on 

field data, researchers have also utilized a single-disease approach in an artificial challenge model 

where the pathogen is administered via injection, ingestion or nose-to-nose transmission. As 

discussed, this type of challenge model is often smaller in scale and not able to consider mixed 

infections or diseases with multi-factorial etiologies involving physical factors such as 

management, ventilation system, temperature, humidity, etc. as in the commercial situation.   

In order to overcome these limitations of previous work, a natural disease challenge model 

(NDCM) was designed by researchers with the aim to explore disease resilience in pigs. Using a 

NDCM, naïve crossbred animals from high health multiplication farms were directly challenged 

with multiple swine pathogens introduced using seeder pigs from low health commercial farms in 
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a test station. Unlike an artificial challenge using a single pathogen in a clean research setting, 

NDCM recognized and harnessed the synergistic effect of a combination of pathogens that cause 

complex diseases such as porcine respiratory disease complex (PRDC), porcine reproductive and 

respiratory syndrome (PRRS) etc. as well as the environmental (barn & management) effects. 

Using this challenge model, both crossbred heterosis and pathogen synergy were considered. 

The NDCM was designed to overcome the weaknesses of other challenge models or 

outbreaks and by exploiting the variation in performance of these multiplier pigs under low health 

conditions, valuable and real commercial phenotypes can be collected.   

 

2.2 Materials and methods 

Experimental procedures were approved by the University of Alberta Animal Care and Use 

Committee for Livestock (AUP00002227). Pigs were handled in accordance with the guidelines 

described by the Canadian Council on Animal Care (CCAC, 2009). The animal study was 

conducted at the Centre for Research in Animal Science Deschambault (CRSAD) quarantine and 

acclimatization unit and Centre de developpement du porc du Quebec inc. (CDPQ) test station in 

Deschambault (Quebec City, QC, Canada). 

 

2.2.1 Natural Disease Challenge Model 

A total of eight hundred and ninety three (n=893) high health nursery crossbred barrows 

of Yorkshire and Landrace lines from multiplier farms were enrolled in this study through PigGen 

Canada members. The multiplier herds were followed by a veterinarian for at least six months in 

order to confirm the absence or effective control of the following diseases: viral diseases such as 

porcine epidemic diarrhea (PED) (associated with porcine epidemic diarrhea virus (PEDV)), 

https://remo.ualberta.ca/REMO/Rooms/DisplayPages/LayoutInitial?Container=com.webridge.entity.Entity%5bOID%5b7E42185C07BC784BB1C977489E3C074B%5d%5d
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transmissible gastroenteritis (TGE) (associated with transmissible gastroenteritis virus (TGEV)), 

porcine reproductive and respiratory syndrome (PRRS) (caused by porcine reproductive and 

respiratory syndrome virus (PRRSV)), porcine circovirus associated disease (PCVAD caused by 

porcine circovirus type 2 (PCV2)), swine influenza (caused by swine influenza virus); and 

bacterial diseases, such as atrophic rhinitis (caused by Pasteurella multocida with/without 

Bordetella bronchiseptica), Glasser’s disease (caused by Haemophilus parasuis), swine dysentery 

(caused by Brachyspira hyodysenteriae), enzootic pneumoniae (caused by Mycoplasma 

hyopneumoniae) (Mhyo), severe pleuropneumonia caused by Actinobacillus pleuropneumoniae 

(APP), exudative epidermitis (caused by Staphylococcus hyicus); as well as ectoparasitic disease, 

such as sarcoptic mange (associated with Sarcoptes scabiei var suis).  

These high health multiplier pigs were then introduced into the test station in batches of 60 

or 75 pigs every three weeks. In total, fourteen batches of pigs were contributed by the seven 

different PigGen members and transported from their multiplier herds to the test station. The first 

seven batches (batch 1 – 7) were labelled as cycle 1 and the second seven batches (batch 8 – 14) 

were labelled as cycle 2. These pigs were weaned at multiplier farms at approximately 21 days of 

age and transported to CDPQ research farm in Deschambault, Quebec, Canada where the natural 

disease challenge model was established.  

 

2.2.2 Natural disease challenge for cycle 1 

After arrival at CDPQ in Deschambault, multiplier pigs in cycle 1 were placed in the 

nursery unit of the test station which functioned as a quarantine and acclimatization unit for 

approximately 19 days. Natural disease challenge began with the transfer of multiplier pigs from 

the nursery unit to the grower-finisher (GF) unit within the test station (Figure 2.1). In cycle 1, 
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four groups of seeder pigs with 67 pigs in total were introduced with the first four batches of test 

pigs. The first three groups included a total of 39 pigs. These pigs had low body weight with an 

average weight of 17.9 kg at 42 days of age upon entry, and they originated from commercial 

farms selected based on the history of diseases caused mainly by PRRSV in the farms. The last 

group of 28 seeder pigs were already in the finisher stage with an average body weight of 107.6 

kg, selected from commercial farms with disease history of enzootic pneumonia caused by Mhyo. 

For batch 1- 3, multiplier and seeder pigs (first three groups) were housed in separate pens in the 

grower-finisher unit, these pens were arranged side by side to allow direct (nose to nose) pig 

contact. In batch 4, two seeder pigs from the fourth group were placed along with 7 – 8 multiplier 

pigs in the same pen to allow direct contact and to create cross infection. After establishing the 

disease status, the grower-finisher unit was run in continuous flow for disease retention and 

transmission. No seeder pigs were introduced after batch 4.  

At the end of cycle 1, several changes were made to the experimental protocol to reduce 

both mortality and treatment rates in the test station. These changes included setting up a CRSAD 

quarantine and acclimatization unit in an independent building, halting introduction of seeder pigs 

from commercial farms, pulse feed medication during the grower-finisher phase and vaccination 

for PCV2 (Ingelvac CircoFLEX®) two weeks after entry.  

     

2.2.3 Natural disease challenge for cycle 2 

 Learning from experience in cycle 1, a quarantine and acclimatization unit was setup in 

CRSAD, an independent building from the CDPQ test station (Figure 2.2). At entry, multiplier 

pigs were first placed in CRSAD for 3 weeks. During the second week in CRSAD, these pigs were 

vaccinated for PCV2. In this cycle, there was no introduction of seeder pigs in the CDPQ nursery, 
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instead each new batch of pigs was placed in a pen side by side with the old batch of pigs for a 

week, this arrangement of alternating pens between 2 batches of pigs facilitated cross infection 

(Figure 2.3). Cross infection between batches in the CDPQ nursery unit was repeated for every 

consecutive incoming batch of pigs. After 21 days in the nursery unit, the new batch of pigs was 

moved into the grower-finisher unit within the same test station building until slaughtering age or 

weight. Both nursery and grower-finisher units were run in continuous flow for disease retention 

and transmission. 

 

2.2.4 Health status management  

Exposure to targeted pathogens (PRRSV, influenza, Mhyo, APP) were checked by testing 

for antibodies to these pathogens using ELISA of serum collected from 16 to 20 pigs (4 pigs per 

pen) at 12 weeks post-arrival. Seeder pigs (in cycle 1) were bled within the first week after arrival 

to confirm the pathogens that were introduced into the test station.  

Humane interventions were defined by the site Animal Protection Committee (APC) and 

an annual approval certificate with authorisation number 15PO283 was issued by Comité de 

Protection des Animaux (CPA). Reports of disease symptoms, treatments and mortality rates were 

prepared weekly by the veterinary advisory team and sent to the committee. Pigs identified as 

demonstrating disease or in ill health and exhibiting clinical signs were treated individually with 

injectable medication recommended and approved by the veterinarian in charge of herd health. 

Water medication during the nursery stage and pulse medication in the grower-finisher feed 

were also administered to control disease morbidity and mortality in the test station. Welfare of 

the pigs, clinical signs and severity of diseases and response to treatment were among the main 

principles guiding the decision of euthanasia. The procedures for humane euthanasia were 
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described in a specific protocol assisted by digital images and videos. Pigs were observed for any 

distress at an unacceptable level and every pig that was unresponsive to treatment, i.e. did not 

recover or experience relief from pain, was euthanized. Several conditions warranted an immediate 

euthanasia without authorization of veterinarians: these included fracture or joint dislocation, non-

weight bearing lameness that was non-responsive to treatment after 7 days, severe peripheral 

cyanosis accompanied with abdominal breathing etc.  

Mortality in the subsequent analysis was defined as deaths that were due to infectious 

causes, this includes animals that were not thriving or were sick and were euthanized based on the 

humane endpoints specified in the approved protocol. Mortality that was due to non-infectious 

causes, such as traumatic injuries, herniation, sarcoptic mange and death during blood sampling 

were all filtered and excluded from the dataset. 

 

2.2.5 Collection of performance and health data  

Performance data was recorded for each individual pig. This included age and weight at 

entry (weaning) and every 3 weeks after entry until slaughter (in CRSAD, nursery and grower-

finisher unit of CDPQ test station), slaughter age and weight, backfat and muscle thickness at 

slaughter, carcass weight and lean yield. Daily feed intake of pigs in the nursery unit was measured 

by pen and recorded manually. In the grower-finisher unit, the pig’s individual feed intake was 

measured using an electronic device called Insentec IVOG system. This system recorded the daily 

amount and frequency of feed intake during each meal for each pig by detecting an electronic ID 

implanted in the ear of pigs. Pigs were marketed when they reached the targeted off-test live weight 

of 130 kg or after 24 weeks in the test station. Death age and weight of dead or euthanized pigs 
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were also recorded. Daily mortality and treatment rate and causes was recorded, compiled and 

assessed by the veterinary advisory team on a weekly basis.    

 

2.2.6 Biological sample collection 

Various biological samples were collected from the pigs, primarily blood samples using different 

types of blood tubes at different times during the pig production (Table 2.1). Owing to the 

differences in model designs of cycle 1 and 2, these samples were also collected at different places 

and/or times. After collection these samples were sent to University of Alberta (UofA), University 

of Saskatchewan (via UofA), Laval University, and University of Guelph for analysis of cytokines, 

complete blood count (CBC), blood transcriptome, genotype and natural antibodies as well as 

related studies of the immune system (subject of other work) (see Table 2.1).  

 

2.2.7 Statistical analysis 

Data for each measure of performance were described independently using PROC MEANS 

and PROC UNIVARIATE and presented as means±standard error of the means (SAS 9.1.3) (Table 

2.2). The correlation between entry age and weight, slaughter age and weight, ADGs of nursery 

and grower-finisher phases were analyzed by Pearson Correlation Coefficients using PROC CORR 

(SAS 9.1.3) (Table 2.3). In addition, mortality and treatment records of pigs in both cycles were 

compiled and presented in Table 2.4. 
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2.3 Results and discussion 

2.3.1 Performance variables across cycle 1 and 2 

Generally, cycle 2 pigs had a higher entry weight of 6.69 kg compared to 6.31 kg for cycle 

1. This difference of 380 g widened in consecutive weight records and ended up with a difference 

of 5 kg of pre-slaughter weight although pigs in both cycles were slaughtered at almost the same 

age, average of 182 days (Table 2.2).  

Pearson correlation results indicated that entry weight had significant positive correlation 

with average daily gain (ADG) in nursery (r=0.38, p≤0.001) and pre-slaughter weight (r=0.21, 

p≤0.001) (Table 2.3). Bearing in mind that entry weight corresponds to weaning weight, significant 

correlation indicated that the higher the weaning weight, the higher daily gain in the nursery unit 

resulted in higher pre-slaughter weight. This finding was similar to the results of previous studies 

showing that pigs with higher weaning weight were able to reach slaughter weight earlier (Mahan 

and Lepine, 1991; Wolter and Ellis, 2001).  

 Entry weight, however, was not correlated to ADG during the grower-finisher phase 

(r=0.06, p=0.22), which meant that higher weaning weight may only be an advantage in the early 

stages for the pig (Table 2.3). It could probably be due to the high impact of disease challenge 

during nursery and grower-finisher phases that entry weight seemed to play a small role in daily 

gain of a later phase. It was also worth noting that influence of weaning weight on ADG could be 

diminished over time. Although having a value close to significance level (p=0.05), ADG in 

nursery was weakly correlated to ADG in grower-finisher (r=0.09), indicating a good growth rate 

in nursery phase did not guarantee a good growth rate in the grower-finisher phase. Again, disease 

challenge could be one of the contributing factors here as pigs that grow well in nursery phase may 

succumb to disease in the grower-phase phase and cause this weak correlation and vice versa. A 
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physiological phenomenon known as compensatory growth can also affect growth rate in the 

grower-finisher phase as a result of restriction of feed supply during the nursery phase (Heyer and 

Lebret, 2014). However, feed restriction in NDCM was not set up intentionally but was most 

probably a negative outcome due to an infection and/or disease. Other than disease factors, it was 

reported that growth rate in a later stage may partially be determined by the number of muscle 

fibers, which was associated with the genotype of pigs (Blunn et al., 1953; Dwyer et al., 1993). In 

other words, the genetic background of pigs may have influenced the ADG in grower-finisher 

phase. 

Significant positive correlations were observed between ADGs during nursery (r=0.22, 

p≤0.001) and grower-finisher (r=0.67, p≤0.001) with pre-slaughter weight (Table 2.3). As 

expected, a negative relationship was observed between the ADGs in these two phases with 

slaughter age. ADG of pigs during these two phases, nursery (r=-0.18, p≤0.01) and grower-finisher 

(r=-0.72, p≤0.001) were significantly and negatively correlated with slaughter age (Table 2.3). In 

this perspective, daily weight gains during the grower-finisher phase demonstrated a stronger 

linear relationship with pre-slaughter weight and slaughter age than the nursery phase. This was 

most probably due to the fact that grower-finisher phase had a faster growth in absolute terms with 

a higher ADG compared to nursery phase, and thus a stronger relationship with the pre-slaughter 

weight and age. 

 

2.3.2 Causes of mortality and treatment across cycle 1 and 2        

There was a mortality rate (including euthanized pigs) of 23.8% (212 pigs) across 14 

batches with the total population of 893 pigs. Out of these 212 pigs, cycle 1 and 2 contributed 72.6% 

(154 pigs) and 27.4% (58 pigs) respectively. Cycle 1 and 2 had a mortality range of 3.6 – 56.7% 
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and 6.8 – 18.7% across batches, respectively. Three batches of pigs in cycle 1 suffered a mortality 

rate of over 50%, whilst the highest mortality rate in cycle 2 was only 18.7% (Table 2.4). There 

were probably several reasons that mortality rate improved in cycle 2: it could be due to the setup 

of the quarantine and acclimatization unit in an independent building, utilization of PCV2 vaccine 

and strategic mass medication in the feed and water.  

In cycle 2, a quarantine and acclimatization unit, CRSAD was established 3.5 km away 

from the test station. The main aim was to allow sufficient time (3 weeks) for these pigs to adapt 

to their new environment and to minimize the routes of disease transmission between the different 

stages of the model (Figure 2.2). In cycle 1, the nursery unit of the test station was used as a 

quarantine unit, although separated by walls, common areas such as the utility room, pantry and 

office, nursery unit and grower-finisher unit where disease challenge was taking place were within 

the same building. Close distance between the two rooms within the same building increased risk 

of disease transmission that may easily have occurred through multiple routes. Although special 

biosecurity protocols were implemented, risk of transmission through fomites was unavoidable, 

especially through the boots and coveralls of technicians. Multiple epidemiological studies have 

also confirmed the airborne transmission of PRRSV, although the distance to which it may travel 

was still highly debatable (Mortenson et al., 2002).   

High mortality and treatment rates associated with PCVAD in cycle 1 warranted 

vaccination of PCV2 in the cycle 2. Pigs infected with PCVAD exhibited a range of clinical signs 

including wasting syndrome, respiratory distress, diarrhea, jaundice etc. Pigs were most 

susceptible to PCVAD between eight and fifteen weeks of age which coincides with rapid decline 

of maternally derived antibodies in the pigs resulting in high post-weaning mortality (Lukert, 1999; 

Alarcon at al., 2010). This has coincided with our observation that 24% of dead pigs in cycle 1 



43 
 

were in the highest risk age window and they were presented as severe wasting syndrome or 

‘unthrifty’ condition, the leading cause of death in cycle 1 (Table 2.4). Mean age and weight of 

mortality in cycle 1 were 78.3 days old and 17.9 kg respectively, both younger and lighter in body 

weight than pigs dead in cycle 2 (Table 2.2). In the grower-finisher phase, PCVAD further incurred 

production losses through the reduction of ADG and increased FCR (Alarcon et al., 2010). This 

was also observed in our challenge model, a 5 kg difference in slaughter weight of pigs between 

cycle 1 and 2 at the same slaughter age, 181 days (Table 2.2). 

Water medication and pulse antibiotic medication in feed were also administered during 

nursery and grower-finisher phases respectively, starting in cycle 2 to further control disease 

morbidity and reduce mortality. These few strategic and targeted measures were successful in 

reducing mortality percentage from 34.9% in cycle 1 to 12.9% in cycle 2 (Table 2.4).  

Respiratory disease proved to have caused the highest percentage of mortality, 27.6% of 

total dead in cycle 2 (Table 2.4). Mortality caused by respiratory disease can be associated with 

multiple factors, the origin could be due to infectious diseases and/or barn management-related 

environmental issues (dust, ammonia, temperature, humidity etc.). Porcine respiratory disease 

complex (PRDC) is a serious health problem affecting grower-finisher pigs typically around 16 – 

22 weeks of age (Kim et al., 2003). Clinical signs of PRDC include coughing, dyspnoea, lethargy, 

anorexia, fever, slow growth and poor feed efficiency (Halbur, 1998; Thacker, 2001). It is the 

description of respiratory disease in swine resulting from a combination of infectious agents 

(Halbur, 1998; Thacker, 2001). Pathogens involved in PRDC could be either of viral or bacterial 

origin, but it was often a synergistic combination of both (Table 2.5) (Halbur, 1998; Thacker, 2001; 

Kim et al., 2003). The two most common pathogens isolated from pigs with PRDC are 

Mycoplasma hyopneumoiae and PRRSV, both of which were present within the challenge model 
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(Dee, 1996; Thacker et al., 1999). Severity of PRDC and its impact on mortality and morbidity 

rates often depended on the degree of opportunistic secondary bacterial co-infection.   

Besides mortality caused by blood sampling and sudden death, animals that experienced 

arthritis, diarrhoea, meningitis, lameness, paralysis, anemia that were unresponsive to treatment, 

rectal prolapse, fighting, bone fracture, and herniation were also euthanized (Table 2.4). 

Cycle 2 had a lower injectable antibiotic treatment (877 treatments) than in cycle 1 (1134 

treatments) (Table 2.4). Most of these treatments were targeted for respiratory distress and diarrhea 

(Table 2.4). Unlike diseases that affect the respiratory system, diarrheic animals usually respond 

well to prompt antibiotic injection and rarely died from this complication. The most common 

diarrhea in the test station was caused by Brachyspira hampsonii. It is a strongly beta-hemolytic 

spirochete that resembles swine dysentery (caused by Brachyspira hyodysenteriae). Pathogenic 

potential of Brachyspira hampsonii have been extensively studied and confirmed in recent years 

as an emerging novel species in the United States (Burrough et al., 2012; Chander et al., 2012). 

Treatment for sarcoptic mange constituted 26.5% of the total treatment in cycle 1 (Table 

2.4). It is a type of parasitic disease of the skin caused by Sarcoptes scabiei. Sarcoptic mange 

caused intense and persistent skin irritation and significantly depressed growth rate and feed 

efficiency of pigs (Reichard and Thomas, 2012). These mites spread by direct contact through 

infected pigs and contaminated fomites and die within days off the skin of pigs. There was no 

treatment record of sarcoptic mange in cycle 2 which indicated a good control and eradication 

from the barn.            
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2.4 Conclusion 

In a conclusion, NDCM is an unusual challenge model that provides an environment where 

multiplier pigs were exposed to natural infection and subsequently succumbed to the various 

diseases as evidenced in the analyses in this chapter. The large number of animals involved 

provided high statistical strength to the on-going studies under this project. It was also the first 

challenge model that exposed pigs from a high health environment (multiplication farm) to a 

cocktail of commercially common swine pathogens. Common stressors that closely resembled a 

commercial barn, which included barn management, stocking density, air quality, housing design, 

feed types, feeding system etc. were all present in NDCM. All these features enabled a collection 

of valuable phenotypes, both performance data and biological samples that were vital in 

characterizing the disease resilience trait in pigs.         
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Table 2.1 Biological samples collected during the natural disease challenge model  

Bleed 
Approximate age 

of pig (days) 

Cycle 1 Cycle 2 
Biological samples 

Location Location 

1 26 Nursery CRSAD EDTA1, Tempus2, Serum3 

2 40 Nursery CRSAD Serum, fecal swab  

3 54 Nursery Nursery EDTA, Tempus, fecal swab 

4 
82 Grower-

finisher 
Grower-finisher EDTA, Tempus, fecal swab 

5 

96 
Grower-

finisher 
Grower-finisher 

Serum, Tempus for sick 

and healthy pigs (6 each, 

pen-matched) 

6 
105 Grower-

finisher 
- 

Serum for seeder pigs (12 

weeks post-entry) 
1EDTA = Whole blood collected in Ethylene Diamine Triacetic Acid, lavender top tubes 
2
Tempus = Whole blood collected in TempusTM Blood RNA tube (Thermo Fisher Scientific Inc., Wilmington, USA), blue top tubes 

3
Serum = Serum collection using red top tube 
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Table 2.2 Means and standard errors of performance variables by batches of pig. 

Cycle Batch N 
Mortality Entry  Mortality Slaughter 

N % Age (days) Weight (kg) Age (days) Weight (kg) Age (days) Weight (kg) 

1 

1 56 2 3.57 20.89±0.09 7.43±0.13 26.5±0.5 9.0±1.5 176.43±1.41 118.81±1.51 

2 69 17 24.64 22.48±0.44 5.54±0.12 90.53±10.15 16.72±2.83 179.04±1.44 114.38±1.54 

3 60 18 30.00 21.41±0.13 6.90±0.13 91.22±5.59 21.61±3.49 188.67±1.60 115.44±1.71 

4 76 42 55.26 20.61±0.17 6.05±0.11 82.57±3.62 20.65±2.41 184.53±1.78 122.65±1.90 

5 60 34 56.67 21.00±0.08 6.81±0.13 77.76±4.52 18.72±3.16 182.92±2.03 118.88±2.18 

6 60 30 50.00 21.00±0.19 6.07±0.13 69.53±3.62 12.5±0.83 185.83±1.89 116.68±2.03 

7 60 11 18.33 18.62±0.18 5.63±0.13 56.73±9.15 16.14±3.45 180.04±1.48 117.05±1.59 

 Subtotal 441 154 34.92 20.85±0.10 6.31±0.06 78.29±2.28 17.85±1.14 181.84±0.65 117.45±0.66 

2 

8 75 14 18.67 20.75±0.14 7.03±0.11 89.71±8.84 35.32±5.25 181.74±1.20 124.20±0.98 

9 60 4 6.78 22.0±0 6.04±0.11 108.75±15.61 38.6±10.58 186.67±0.95 117.00±0.95 

10 75 9 12.16 23.52±0.06 7.57±0.09 102.78±15.59 47.78±11.7 183.21±0.64 124.59±1.34 

11 28 3 10.71 19.86±0.29 6.66±0.15 117.67±9.33 51.67±4.41 161.86±0.29 99.4±3.22 

12 77 11 14.29 19.71±0.15 7.06±0.11 121.09±9.21 58.91±7.86 183.68±0.18 128.29±1.59 

13 62 6 9.84 20.79±0.12 6.69±0.09 100.57±12.85 47.71±8.46 175.71±1.32 127.68±1.34 

14 75 11 14.67 21.97±0.23 5.63±0.18 104.18±11.39 31.36±6.50 179.63±0.90 115.60±1.20 

 Subtotal 452 58 12.92 21.35±0.08 6.69±0.06 104.25±4.60 43.33±3.25 181.79±0.41* 122.89±0.64* 

Total 893 212 23.82 21.10±0.07 6.50±0.04 85.48±2.23 25.02±1.46 181.81±0.37* 120.48±0.47* 

*Cycles’ averages of slaughter age and weight did not include batch 11  
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Table 2.3 Performance phenotypic correlations among average daily gain (ADG) in nursery, grower-finisher and weaning-finisher, 

pre-slaughter age and weight, entry age and weight. Pearson correlation was used to estimate the correlations. Number in brackets are 

probability values reported as p ≤ 0.05.   

Traits Entry age Entry weight 
Slaughter 

age 

Pre-slaughter 

weight 
ADG (nursery) 

ADG (grower-

finisher) 

ADG (weaning-

finisher) 

Entry age 1 0.18(0.0001) 0.03(0.60) 0.04(0.53) 0.26(<0.0001) 0.04(0.39) 0.04(0.36) 

Entry weight  1 -0.15(0.01) 0.21(0.0003) 0.38(<0.0001) 0.06(0.22) 0.09(0.06) 

Slaughter age   1 -0.19(0.0012) -0.18(0.0023) -0.72(<0.0001) -0.74(<0.0001) 

Pre-slaughter weight    1 0.22(0.0002) 0.67(<0.0001) 0.68(<0.0001) 

ADG (nursery)     1 0.09(0.05) 0.15(0.002) 

ADG (grower-finisher)      1 0.99(<0.0001) 

ADG (weaning-finisher)       1 
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Table 2.4 Causes of mortality and treatment of pigs in all the fourteen batches of pigs in cycle 1 

and 2. 

Causes 

Cycle 1 Cycle 2 

Mortality  Treatment Mortality Treatment 

N % N % N % N % 

Slaughter 287 65.08 - - 394 87.75 - - 

Unthrifty
1
 106 24.04 50 4.41 13 2.86 14 1.60 

Sarcoptic mange - - 301 26.54 - - - - 

Others 10 2.27 10 0.88 3 0.66 7 0.77 

Blood sampling 9 2.04 - - 3 0.66 - - 

Respiratory distress 7 1.59 304 26.81 16 3.56 357 40.71 

Sudden death 6 1.36 - - 11 2.45 - - 

Arthritis 3 0.68 40 3.53 4 0.89 77 8.78 

Diarrhoea 3 0.68 336 29.63 3 0.66 331 37.74 

Meningitis 3 0.68 10 0.88 - - 5 0.57 

Rectal prolapse 2 0.45 1 0.09 2 0.45 1 0.11 

Fighting 1 0.23 - - 1 0.22 - - 

Lameness - - 78 6.88 1 0.22 71 8.10 

Bone fracture 1 0.23 - - - - - - 

Herniation 1 0.23 - - 1 0.22 - - 

Exudative epidermatitis - - 4 0.35 - - 14 1.60 

Paralysis 1 0.23 - - - - - - 

Anemia 1 0.23 - - - - - - 

Total 441 100 1134 100 452 100 877 100 

1 
No specific clinical signs, generalized loss of condition 
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Table 2.5 Types of pathogens involved in porcine respiratory disease complex (PRDC) in swine  

Viral Bacterial 

PRRSV 

Swine Influenza virus 

Circovirus (PCV2) 

Mycoplasma hyopneumoiae 

Haemophilus parasuis 

Pasteurella multocida 

Actinobacillus pleuropneumoniae 
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Figure 2.1 Pig flow in cycle 1: from multiplier farms to CDPQ test station and timing of blood 

sampling; clean (green) and disease challenge (red) environments were color coded.  
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Figure 2.2 Pig flow in cycle 2: from multiplier farms to CRSAD (quarantine and acclimatization 

unit) and subsequently CDPQ test station and timing of blood sampling; clean (green) and disease 

challenge (red) environments were color coded. 
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Figure 2.3 Nursery unit arrangement in cycle 2: alternating pens between new (N) and old (O) 

batches of pigs ran in a continuous flow; each square denoted a nursery pen, disease challenge 

environment in CDPQ nursery unit was shaded red. 
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Chapter 3. Hematological Characteristics of Disease Resilient Pigs in a Natural Challenge 

Model 

3.1 Introduction 

Hematological testing or complete blood count (CBC) is a common diagnostic test in 

human and veterinary medicine for routine check of health status and disease diagnosis. CBC 

measures the concentration of three main cell types in the blood, red blood cells (RBC), white 

blood cells (WBC), and platelets. It also provides a measure of related traits calculated from or 

related to these three main cell types, such as hemoglobin, hematocrit, reticulocyte number and 

numbers for five WBC differential count by cell types (neutrophil, lymphocyte, monocyte, 

eosinophil and basophil). CBC can be used by clinicians to monitor disease progression, assess 

bone marrow function, determine the types of anemia etc.  

Immune responsiveness has long been proposed as an indirect indicator of disease 

resistance in animals (Biozzi et al., 1980; Gavora and Spencer, 1983; Rothschild, 1989). It is a 

measurement of an animal’s competency in immunity, the defence system to prevent pathogen 

invasion and replication. Circulating WBC and its differential cell counts measured in whole blood 

are each a direct measurement of immune response in an animal. White blood cells or leukocytes 

are divided into granulocytes, which include neutrophils, eosinophils and basophils, and 

mononuclear cells, which include lymphocytes and monocytes. Neutrophils represent one of the 

most important cell types in innate response as they migrate into damaged tissue within hours of 

an invasion for phagocytosis of foreign material and bacteria (Morris, 2002). Neutrophils are often 

found in an inflammation caused by gram-negative bacteria and septic shock (Morris, 2002; Irmak 

et al., 2006). Besides natural killer cells that are part of the innate immunity, lymphocytes are 

predominantly B cells or T cells of adaptive immunity, where B lymphocytes produce antibodies 
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and T lymphocytes function in cytotoxic immunity. Both types of lymphocyte provide memory 

cells during the first pathogen encounter that enable the host to mount a quicker response in 

subsequent encounters.    

 Besides WBC, CBC measures RBC which are responsible for gaseous exchange by 

carrying oxygen and carbon dioxide in their heme structure. Related parameters include hematocrit, 

a measure of hemoglobin content, mean corpuscular volume (MCV), mean corpuscular 

hemoglobin concentration (MCHC) etc. These parameters allow clinicians to detect presence and 

severity of anemia and to assess the types of anemia that may be due to different biological events 

that happen within the circulatory systems. Generally, these events could be hemorrhage, 

hemolysis, nutritional deficiencies, malfunction of bone marrow etc. Platelets, small circulating 

anucleate cells that are crucial in haemostasis by forming a plug to damaged vasculature and 

maintaining vascular integrity. Known for their role in thrombotic function, it has become clear in 

recent years that platelets also play an important role in inflammation and both innate and adaptive 

immunity (Stoppelaar et al., 2014).  

 On the other hand, cytokines are key regulators in host defense against pathogens. These 

proteins are potent immunomodulatory molecules that act as mediators of inflammation and the 

immune response. Pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), 

interleukin-1 beta (IL-1B) and IL-6 are produced by activated macrophages during innate immune 

response following microbial infections and are involved in the up-regulation of inflammatory 

reactions (Biron and Sen, 2001). In addition, chemokines such as IL-8 play a vital role in directing 

migration of leukocytes to the site of inflammation (Smart et al., 1994; Bittleman et al., 1995). The 

production of appropriate amounts of pro-inflammatory cytokines is clearly beneficial in response 

to infection, however if produced excessively, these cytokines may lead to tissue destruction and 
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in some cases, septic shock and death. Driven primarily by the cytokines TNF-α and IL-1B 

produced by monocytes, excessive inflammation in response to an infection that characterizes 

septic shock significantly increases mortality. Thus, regulatory cytokines such as IL-10 and TGF-

β that serve to regulate/resolve inflammation and to promote healing are also being produced. 

These regulatory cytokines suppress the host's cell-mediated immune response by reducing cell 

recruitment and downregulation of cytokine production by innate immune cells (Didierlaurent et 

al., 2007). Yet, an elevated level of IL-10 has been identified as an early sign of PCV2-infected 

piglets which are immunosuppressed and subsequently developed severe post-weaning multi-

systemic syndrome (PMWS) (Stevenson et al., 2006). In adaptive immunity, interferon gamma 

(IFN-γ) has also been known for its function in inhibiting viral replication. Production of IFN-γ by 

macrophages and lymphocytes has been suggested to have an inhibitory effect on the replication 

of PRRSV (Thanawongnuwech et al., 2003). A combined effect of three cytokines, IL-1B, IL-8 

and IFN-γ in serum has also been significantly correlated with PRRS virus level and linked to the 

persistence of PRRS in pigs (Lunney et al., 2010).   

In this study, we hypothesized that differences in CBC profiles before and/or after 

challenge will help identify and explain the ability of resilient pigs to recover from infection and 

reduce the impact of disease. Furthermore, we look into the innate and adaptive cytokine profiles 

of selected pigs and hypothesized that susceptible pigs may have higher levels of expression of 

pro-inflammatory cytokine genes than resilient pigs after disease challenge. Here, our objective is 

to explore the differences in CBC and cytokine profiles between resilient and susceptible animals 

before and after a natural disease challenge. In the next chapter, we will use this knowledge of 

CBC differences in blood collected before disease challenge to develop an algorithm to predict the 

classification (resilient or susceptible) of an animal based on its growth rate and treatment rate.      
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3.2 Materials and methods 

 Experimental procedures were approved by the University of Alberta Animal Care and Use 

Committee for Livestock (AUP00002227). Pigs were handled in accordance with the guidelines 

described by the Canadian Council on Animal Care (CCAC, 2009). The animal study was 

conducted at the Centre de developpement du porc du Quebec inc. (CDPQ) test station and Centre 

for Research in Animal Science Deschambault (CRSAD) quarantine and acclimatization unit in 

Deschambault (Quebec City, QC, Canada). 

 

3.2.1 Pigs and natural challenge model 

A total of four hundred and forty-two (n=442) high health nursery crossbred barrows of 

Yorkshire and Landrace lines from multiplier farms were enrolled in this study through PigGen 

Canada members. The multiplier herds had been followed by a veterinarian for at least six months 

in order to confirm the absence or effective control of the diseases as mentioned in Chapter 2. 

These high health multiplier pigs were then introduced into the test station in batches of 60 or 75 

pigs every three weeks. In total seven batches of pigs from cycle 2 of the natural disease challenge 

model were contributed by different PigGen members and transported from their multiplier herds 

to the testing station. The natural disease challenge model was established at the Deschambault 

test station of CDPQ in Quebec, Canada. These pigs were weaned at multiplier farms at 

approximately 21 days of age and transported to CRSAD, a quarantine and acclimatization unit 

for 3 weeks. Then, they were introduced into the nursery unit of the natural disease challenge test 

station for 21 days, during which they were placed in alternate pens of pigs from the previous batch 

for a week to facilitate disease transmission. After one week, pigs from the previous batch were 

moved to the grower-finisher unit within the same test station building until slaughtering age or 

https://remo.ualberta.ca/REMO/Rooms/DisplayPages/LayoutInitial?Container=com.webridge.entity.Entity%5bOID%5b7E42185C07BC784BB1C977489E3C074B%5d%5d
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weight. Pigs of the current batch remained in the nursery unit for another two weeks in which they 

were comingled with pigs from a later batch in the final week to allow disease transmission and 

the process was repeated for every batch. Pulse medication in the feed and injectable antibiotics 

were administered to control disease morbidity and mortality in the test station. Nursery and 

grower-finisher units were run in continuous flow for disease retention and transmission.    

 The natural disease challenge model has already been described in detail in chapter 2 of 

this thesis.  

 

3.2.2 Sample collection 

Peripheral blood was collected at 2-weeks pre-exposure (Blood (B) 1) at 26-days of age, 

and 2 (B3) and 6 (B4) weeks post exposure at 54 and 82 days of age via jugular venipuncture. B1, 

B3 and B4 were the numbering of blood samples collected from the natural disease challenge 

model for measurement of CBC. Blood was drawn into EDTA tubes (Cat. No. 10213570; Thermo 

Fisher Scientific Inc., Wilmington, USA) for complete blood count (CBC) analysis and TempusTM 

Blood RNA tubes for RNA extraction, according to the manufacturer’s protocols (Cat. No. 

4342792; Thermo Fisher Scientific Inc., Wilmington, USA). These samples were then packaged 

and sent by overnight courier to University of Alberta. Out of 21 shipments, 95.2% (20) and 4.76% 

(1) arrived within 24 and 48 hours respectively. A CBC analysis was performed immediately upon 

receiving the sample at the U of Alberta.  This was performed using the Siemens Advia 2120 

(Siemens Healthcare Diagnostics, Deerfield, IL, USA) for blood from each pig at B1, B3 and B4 

(including RBC, haemoglobin, haematocrit, mean corpuscular volume (MCV), mean corpuscular 

haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), red blood cell 

distribution width (RDW), and platelet, total WBC, lymphocyte, monocyte, neutrophil, eosinophil 
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and basophil counts) (Table 3.1). A swine specific standard was used for comparison. Based on 

the results of hematology, sixteen animals (eight from each group of resilient and susceptible 

animals) were selected for a further cytokine gene expression experiment using a TempusTM Blood 

RNA tube. 

 

3.2.3 Disease resilience classification 

 Animals were classified into resilient and susceptible groups using growth rate and 

treatment number. Growth rate was generated using linear regression based on the body weight 

and age of pigs recorded in the test station at three-week intervals. Treatment number per animal 

was calculated by the addition of number of times injectable antibiotic was administered to the 

animal throughout the production cycle. Treatment of illness caused by physical trauma, or due to 

blood collection, or any other causes that were not related to infectious diseases were not included 

in the calculation of treatment number. 

 Means of growth rate were determined. Resilient animals (RES) were classified with 

growth rate above the mean value of all the animals and one treatment or less throughout the 

production. In other words, RES was defined as an animal with higher than average growth rate 

and lower treatment number as indicated as quadrant I in Figure 3.1. Animals in quadrants II, III 

and IV were then classified as susceptible animals (SUS) and these groups included dead and 

euthanized animals. Causes of death were screened to include only those caused by infectious 

diseases. Animals that died due to causes that were identified as non-infectious, which included 

traumatic injuries and death during blood collection, were excluded from this analysis. 
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3.2.4 Selection of animals for cytokine gene expression 

 Sixteen animals from batch 14 were selected for subsequent cytokine gene expression 

analysis, with eight animals from each RES and SUS group. Selected animals experienced 

leukocytosis (WBC > 22,000 cells/ul) in B4 (Table 3.2). RES animals were found to have high 

neutrophil-lymphocyte ratio (NLR) in B1 and low NLR in B4, which was the direct opposite for 

SUS animals (Table 3.2). These criteria were chosen to explore the differences in gene expression 

of cytokines involved in innate and adaptive immunity between RES and SUS animals during 

disease challenge period. The gene expression of six cytokine genes, TNF-α, IL-1B, IL-6, IL-8, 

IFN-γ and IL-10 were investigated. 

 

3.2.5 RNA purification and qPCR     

All peripheral blood samples in TempusTM Blood RNA tubes were immediately kept frozen 

at −80 °C until RNA extraction. Isolation of RNA from all samples was simultaneously carried 

out using the Norgen total RNA purification kit (Norgen Biotek Corporation, Canada) according 

to the manufacturer's instructions. The RNA concentration and purity of all samples were 

measured with NanoDrop (ND-1000 Spectrophotometer V3.5, USA). RNA integrity was 

evaluated using an Agilent 2100 BioAnalyzer and only those with a RNA integrity number greater 

than 7 were further processed. 

Total RNA (1 μg) was reverse transcribed to cDNA using iScript cDNA Synthesis kit (Bio-

Rad Laboratories) according to the manufacturer’s instructions. qRT-PCR reactions were 

performed using 1 μl of cDNA diluted 10x with 9 μl of master mix containing 5 μl SYBR Green 

Master mix (Promega, Madison, WI), 0.5 μmol of forward primer, 0.5 μmol of reverse primer and 

water, in a StepOne Plus real-time PCR system (Applied Biosystems, Foster City, CA). The 
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amplification conditions are described by Royaee et al (2004). The fluorescence signal generated 

with SYBR Green I DNA dye was measured during the annealing steps. Specificity of the 

amplification was confirmed using melting curve analysis. An inter-run calibrator was used, and a 

standard curve was created for each gene to obtain PCR efficiencies. Relative sample expression 

levels, RQ values, were calculated using RQ Manager 1.2 software (Applied Biosystems), and 

were expressed relative to endogenous control RPL32; HPRT was present as an additional internal 

PCR control for accurate and reliable normalization of qPCR results. Data were corrected for run 

variability and presented as mean + SEM of RQ values. The GenBank accession numbers, 

sequences of forward and reverse primers, annealing temperature and fragment sizes of six 

cytokines mRNAs (TNF-α, IL-1B, IL-6, IL-8, IFN-γ and IL-10), RPL32 and HPRT were as 

previously described (Dawson et al., 2004; Royaee et al., 2004; Sipos et al., 2004; Knetter et al., 

2014).   

 

3.2.6 Statistical analysis 

Data were analyzed to determine if any of the CBC traits was associated with the resilient 

classification. A linear model (R/lm) and least-square means (R/lsmeans) were used (Rstudio 

Team, 2015). The model included resilience groups (RES and SUS) and batch effects. Pig was 

considered the experimental unit. In the analysis of CBC data, a total of 27 traits (Table 3.1) were 

analysed. To correct for the multiple testing, the final P values were converted to FDR (q values) 

using the method of Benjamini and Hochberg (1995), and genes with q < 0.1 were declared to be 

significantly different. Group values for each trait were reported as mean + SEM. 
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3.3 Results  

3.3.1 Pig performance between groups 

 Using the classification illustrated above, 118 animals were classified as RES, and 231 and 

48 live and dead animals were classified as SUS respectively. RES animals were growing with an 

average growth rate of 837.0 ± 43.7 g/day (grams per day) and far exceeded the growth rate of 

SUS 722.9 ± 125.4 g/day (Table 3.3). SUS also received higher frequency of antibiotic injections, 

2.17 ± 1.5 times compared with 0.58 ± 0.5 times for the RES group during the production cycle. 

RES also reached higher slaughter weight in a shorter rearing duration: RES took 178 ± 9.0 days 

to reach an average market weight of 131.5 ± 7.4 kg, 5.8 days faster than SUS, 184.3 ± 7.6 days 

with a much lower market weight of 120.0 ± 9.9 kg (Table 3.3). 

 

3.3.2 General trend in hematological profiles  

Circulating erythrocyte mass appeared to be in a stable state with a small increasing RBC 

number and a fairly consistent hematocrit (HCT) across the three sample times (B1, B3 and B4) 

(Table 3.4). Hemoglobin (Hb) on the other hand dropped consistently from B1 to B4. This was 

also reflected in several other erythrocyte hemoglobin content traits, mean corpuscular hemoglobin 

concentration (MCHC) and hemoglobin distribution width (HDW). Reticulocyte counts and 

percentage were found to be increased from B1 to B3, and highest in B3 (Table 3.4). Platelet count 

was found to have a similar trend as reticulocytes, and was highest in B3 (Table 3.5). For leukocyte 

traits, the white blood cell (WBC) pool was expanding across samples, as well as the component 

cells (neutrophil, lymphocyte, monocyte, eosinophil and basophil) within the WBC pool. NLR had 

the highest value in B3 (Table 3.6). 
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3.3.3 Hematological profiles before challenge (B1)  

 For erythrocyte traits, RES had significantly higher MCV (FDR < 0.05) and a higher Hb 

with a value close to statistical significance (FDR = 0.05) before challenge (Table 3.4). There was 

no significant difference between groups in all the platelet traits in B1 (Table 3.5). For leukocyte 

traits, RES had significantly lower lymphocyte and monocyte counts before challenge (both with 

FDR < 0.05). RES also had a higher neutrophil count, although the difference was not statistically 

significant (Table 3.6).    

  

3.3.4 Hematological profiles after challenge (B3 and B4)  

 After challenge, some of erythrocyte traits were found to differ significantly between the 

two groups, none of platelet and leukocytes traits were found to be significantly different. Those 

erythrocyte traits that differed were CHCM, RDW, HDW, and reticulocyte count, all with FDR < 

0.05 and reticulocyte percentage (FDR = 0.051) in B3; MCH, MCHC and RDW with FDR < 0.05 

in B4 (Table 3.4). 

 

3.3.5 Leukocyte & platelet profiles of the selected sixteen animals  

 In B1, RES pigs had significantly higher counts for total leukocytes, neutrophils and 

lymphocytes than SUS pigs even before the disease challenge occurred (p < 0.05) (Figure 3.2). In 

B4, SUS pigs had a trend towards a higher leukocyte count (p = 0.07) (Figure 3.2).  

 In B4, apparently, both groups had a significant difference in neutrophil and lymphocyte 

counts (p < 0.05) where neutrophil counts were significantly higher in SUS pigs and lymphocyte 

counts were significantly higher in RES pigs (Figure 3.2). These differences subsequently translate 

to a significantly higher NLR in SUS pigs in B4 (Figure 3.2).        
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3.3.6 Gene expression of cytokine genes of innate and adaptive immunity of the selected 

sixteen animals  

 To further characterize the response following disease challenge (B3 and B4), we 

conducted gene expression analysis of several cytokine genes in whole blood samples. Comparison 

of cytokine expression before (B1) and after challenge (B3 and B4) revealed that RES and SUS 

pigs had an up-regulation of expression of all the cytokine genes measured in B3 (Figure 3.3). All 

these cytokine genes were down-regulated in B4, except for IL-10 in SUS pigs, and IFN-γ in both 

RES and SUS pigs.  

 In B3, RES pigs were found to express numerically higher levels of IL-8 and IL-1B genes, 

whilst SUS pigs expressed a numerically higher level of TNF-α, IL-6, IL-10 and IFN-γ. In B4, the 

gene expression of all the cytokine genes involved in innate immunity except IL-6 were higher in 

SUS pigs than RES pigs with a value close to statistical significance, TNF-α (P = 0.08) and IL-1B 

(p = 0.09), although for IL-8 it was only higher numerically (Figure 3.3). SUS pigs also had a 

numerically higher gene expression of regulatory cytokine, IL-10. 

 For comparison across sampling time within group, SUS pigs had a significantly higher 

expression of TNF-α, from B1 to B3 (p < 0.01), and from B1 to B3 (p < 0.05). SUS pigs also had 

a numerical increase of IL-1B from B1 to B3 (p = 0.01) and a trend to drop from B3 to B4 (p = 

0.06). In addition, expression of IFN-γ in SUS tended to increase from B1 to B4 (p = 0.09).       

 

3.3.7 Correlation of cytokine gene expression, leukocyte and platelet numbers 

 Correlation coefficients between the traits have been calculated for all the sixteen selected 

pigs in both RES and SUS groups (Table 3.7). Our data demonstrated moderate correlations 

between IL-1B with IL-8 (r=0.68, p < 0.05) and TNF-α (r=0.53, p < 0.05). There was a moderate 
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and significant correlation between TNF-α and neutrophil number (r=0.31, p < 0.05). IL-10 was 

also shown to have low to moderate correlation with IL-8 (r=0.32, p < 0.05), TNF-α (r=0.47, p < 

0.05), neutrophil number (r=0.45, p < 0.05) and NL ratio (r=0.40, p < 0.05) (Table 3.7).  

 

3.4 Discussion 

3.4.1 Erythrocyte Traits  

 Both RES and SUS presented a higher reticulocyte count and percentage in B3 and B4 

(Table 3.4). This may due to an increased demand for RBC in the body to meet the requirement 

for maintenance and growth of the body as more oxygen is needed to support energy production 

at the cellular level. It could possibly be due to an ongoing loss of RBC in both groups, due to 

subclinical gastrointestinal (GI) hemorrhage or hemolysis. Causes of GI hemorrhage in pigs 

include salmonellosis, swine dysentery, ileitis and gastric ulcer. Production and release of 

reticulocyte, a premature form of RBC, into the blood circulation is induced by tissue hypoxia 

(Haschek et al., 2013). An increase in reticulocyte count in B3 may be due to redistribution or 

sequestration of RBC with no involvement of bone marrow (Haschek et al., 2013). Under this 

condition, RBC, reticulocytes and platelets may transiently increase secondarily to splenic 

contraction that would be a result of an increased stress level, physical restraint or physical activity 

(Haschek et al., 2013). This was a plausible explanation as pigs were restrained for venipuncture 

and could easily become excited, agitated and stressed during the process. Higher stress level in 

B3 could be associated with an increased pathogen challenge or social aggression in the barn 

environment.     

On a larger scale, increase in reticulocyte number could be due to a loss, destruction or 

consumption of circulating RBC. A significantly higher level of reticulocytes in SUS in B3 could 
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be due to a moderate erythrocyte regeneration response with the involvement of bone marrow 

(Table 3.4). This response is generated to compensate for a loss of circulating RBC that may be 

due to hemorrhages (internally or externally), hemolysis or a shortened RBC half-life in the 

circulation caused by anemia of inflammation (Braunstein, 2016).     

 Although there were no obvious signs of anemia after assessing the group averages of Hb, 

HCT and RBC, there was a reduction of hemoglobin concentrations from B1 to B4 for both groups. 

This could be due to the changes in hydration status where expansion of blood volume may reduce 

the hemoglobin concentration. The SUS group also had a lower hemoglobin than RES group in all 

three blood samples, especially in B1 (FDR=0.05) with a value close to significance level (Table 

3.4). Lower level in B1 could possibly be due to the timing of iron injection administered in the 

multiplication farm.  

 

3.4.2 Leukocyte Traits  

Good evidence of disease challenge in B3 and B4 can be found by the expanding pool of 

WBC in both groups of animals (Table 3.6). It could be from the maturation of WBC pool in B3 

in the reference range of 11 – 22 x 103/μL (Thorn, 2010). However, WBC level of both groups in 

B4 were on the verge of exceeding the suggested reference range and being classified as 

leukocytosis (Table 3.6). This was most likely due to immune activation elicited by the increasing 

disease challenge in the test station when pigs were moved from clean quarantine unit to the 

contaminated nursery and grower-finisher unit. SUS had numerically higher WBC level in all three 

blood samples compared to RES suggesting a higher immune activation. 

Neutrophil-lymphocyte ratio (NLR) was defined as the number of neutrophils divided by 

the number of lymphocytes. NLR has been correlated with stress in animals (Puppe et al., 1997). 
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The highest level of NLR was detected in B3 that may suggest B3 as the most stressful period for 

these pigs (Table 3.6). Moving pigs into a bigger nursery pen with a higher stocking density and 

changing of creep feed to nursery feed can also cause social and dietary or management stresses. 

Unfamiliarity as a result of mixing pigs from different pens may lead to aggression in the process 

of establishing social hierarchy and sometimes end up with serious injury (Meese and Ewbank, 

1972; Pitts et al., 2000). The underlying mechanism that raised NLR level in these scenarios could 

be due to the demargination of granulocytes, predominantly neutrophils from vascular 

endothelium in response to the release of hormones induced by stress and excitement (Haschek et 

al., 2013). This mechanism can rapidly increase circulating neutrophils that typically are not 

accompanied by leukocytosis. 

NLR has also been associated with inflammation, and in human medicine it has been 

developed as a prognostic indicator of cardiovascular disease as it is associated with chronic low 

grade inflammation (Imtiaz et al., 2012). In B3 and B4, these pigs were exposed to multiple swine 

pathogens for the first time after spending three weeks in a quarantine unit. Porcine reproductive 

and respiratory syndrome virus (PRRSV) has been routinely monitored and confirmed to be 

circulating within the test station by post mortem and polymerase chain reaction. PRRSV has been 

reported to increase NLR by increasing neutrophil count, and delaying cell mediated immunity by 

reducing lymphocyte count in infected pigs (Che et al., 2014). Physical injuries such as ear and 

tail biting, cuts or abrasion on skin that leads to bacterial infection and inflammation may also raise 

NLR in the circulation. An example of a septicemia causing pathogen is Streptococcus suis, 

commonly introduced through skin wounds due to fighting (McCaw, 1993), this pathogen was not 

uncommon in our natural challenge model.         
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SUS animals had significantly higher lymphocyte and monocyte counts but RES animals 

had higher neutrophil count in B1 (Table 3.6). Neutrophils belong to the innate immune system 

which is the first line defense against invading microorganisms. Neutrophils are equipped with 

antimicrobial proteins, reactive oxygen species (ROS), and neutrophil extracellular traps (NETs) 

as well as being able to phagocytize pathogens (Amulic et. al, 2012). The ability of neutrophils to 

kill harmful microorganisms is immediate, and non-specific and previous exposure to these 

microorganisms was not needed (Kobayashi et al., 2009). Neutrophils play an active role in acute 

inflammation. This suggests that having a higher proportion of neutrophils in B1 allowed the RES 

group to react quickly to any pathogen invasion that was usually mild and self-limiting in the clean 

quarantine unit. 

In B4, RES had numerically higher monocyte and lymphocyte counts that may indicate the 

switching from innate immunity to cell mediated immunity that was more specific and less 

damaging at the site of inflammation (Table 3.6). SUS had a lower level of neutrophil production 

in B1, and in B3 and B4 they were numerically higher than RES. Persistently increasing neutrophil 

level in SUS may lead to a higher inflammatory state and collateral damage to host tissue at the 

site of inflammation. Resolution of inflammation was promoted with the recruitment of monocytes 

and blocking of neutrophils which was observed in RES animals in B4. 

 

3.4.3 Platelet Traits  

 Platelet count was highest in B3 (Table 3.5). SUS animals had a higher level of platelets in 

all three blood samples compared to RES (Table 3.5). Conventionally it was thought that platelets 

mainly play an important role in haemostasis. But in recent years, platelets were also found to be 

involved in inflammation and associated with both innate and adaptive immunity (Stoppelaar et 
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al., 2014). Activation of platelets was known to release a-granule containing soluble inflammatory 

mediators such as IL-1B, MIP-1a, RANTES and PF4. These mediators had a wide range of 

interactions with immune cells such as monocytes, neutrophils and macrophages and the 

recruitment of these cells to the endothelium by the release of pro-inflammatory cytokines that 

induce phagocytosis and chemotaxis, promote migration and formation of bridges between 

leukocytes and endothelium (Thomas & Storey, 2014). Therefore, the higher platelet concentration 

in SUS animals could very well be correlated with the extent of inflammation and it could also be 

related to its function in blood coagulation.       

 

3.4.4 Leukocyte and platelet profiles and gene expression of immunity cytokines in selected 

RES and SUS animals 

 These pigs were selected based on the high level of leukocyte number after challenge. This 

presented an opportunity to explore the possible different defense mechanisms between groups. It 

was observed that RES pigs had significantly higher counts for total leukocytes (P < 0.05), 

neutrophils (P < 0.05) and lymphocytes (P < 0.05) even before the disease challenge (B1) occurred 

(Figure 3.2). However, there was no difference in terms of the expression levels of cytokine genes 

in B1. As all these pigs were chosen from the same batch, they were assumed to be exposed to the 

same stress factors such as transportation, handling procedure, and a week of acclimatization 

period in the quarantine unit. A possible mechanism that could cause the differences in differential 

leukocyte count was RES pigs could be innately and genetically equipped to produce a higher total 

leukocyte, neutrophil and lymphocyte counts even without the presence of disease challenge. In 

an alternative mechanism, the regulation of immune system in RES pigs may be able to react more 
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to environmental stimuli compared to SUS pigs, thus resulting in a higher circulating levels of 

immune cell types.  

 In the first exposure to disease challenge in B3, both RES and SUS pigs experienced an 

up-regulation of all the cytokine genes involved in innate and adaptive immunity (Figure 3.3). This 

included cytokines such as the TNF-α, IL1B, IL-6 and IL-8 that are pro-inflammatory. RES pigs 

had a much higher IL-8 and IL1B expression, and lower TNF-α and IL-6 expression than SUS pigs 

(Figure 3.3). Our data also demonstrated moderate correlations between IL-8 and IL-1B (r=0.68, p 

< 0.05), correlation between IL-8 and TNF-α was however not significant (Table 3.7). TNF-α and 

IL-1B have been associated with neutrophil infiltration in several animal models (Reeth et al., 

2002). TNF-α is a well-known mediator of local events at the site of inflammation that attract and 

activate inflammatory cells, and increase of microvascular permeability (Adler et al., 1994; 

Bielefeldet-Othmann et al., 1995). TNF-α and/or IL1B are essential in the initial adhesive reaction 

of neutrophils to the microvascular endothelium. On the other hand, IL-8 is a major neutrophil 

chemotactic cytokine that was needed in the directed migration of leukocytes to the site of 

inflammation (Smart et al., 1994; Bittleman et al., 1995). Higher levels of serum IL-8 have been 

associated with PRRSV resistance in pigs, and these pigs were able to clear the infection before it 

developed into a persistent infection (Petry et al., 2007; Lunney et al., 2010). Although there was 

an up-regulation in all the innate cytokines in B3 for both groups, higher expression level of IL-

1B and IL-8 in RES pigs may have enabled a more effective migration of leukocyte and clearance 

of pathogens.  

  SUS pigs were found to have numerically higher expression of regulatory cytokine, IL-10 

in all three blood samplings. This indicated that SUS pigs were dealing with chronic inflammatory 

challenge. Some swine diseases are also known to elevate IL-10 this includes PRRS and PCV2 
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(Hasslung et al., 2005; Stevenson et al., 2006). IL-10 mediated suppression of T-cell activity was 

also well documented and has been suggested to be one of the causes of viral persistence (Marin-

Serrano et al., 2006; Orsilles et al., 2006; Brooks et al., 2006). This may have explained the lower 

level of lymphocyte count in B4 (P<0.05) and possible viral infection/disease in SUS pigs during 

that time (Figure 3.3).    

 In B4, cytokine gene expression of RES pigs revealed a decrease across TNF-α, IL-1B and 

IL-8 genes (p = 0.06) (Figure 3.3). This could have indicated resolution of inflammation, and 

cessation of recruitment and activation of neutrophils in RES pigs. On the other hand, there was a 

steady increase of IFN-γ in RES pigs (Figure 3.3). IFN-γ secretion was widely used for the 

assessment of antigen-specific Th1 immune responses in swine (Yuan et al., 2008). Expression of 

IFN-γ by macrophages and lymphocytes was suggested to have an inhibitory effect on the 

replication of viral agents such as PRRSV (Thanawongnuwech et al., 2003). This was reflected in 

the increase of lymphocyte number which may also be due to the lower level of IL-10, which could 

be the development of Th1 immune response in RES pigs. On the contrary, higher levels of IL-8, 

TNF-α (P=0.08) and IL-1B (0.09) were detected in SUS pigs in B4. This seemed to result in a 

persistently high neutrophil number in B4 (P < 0.05) in SUS pigs (mean of 21.4 x 103/μL), where 

the reference range is 0.8 – 13 x 103/μL (Cooper et al., 2014) (Figure 3.2). The resulting proportion 

of neutrophils and lymphocytes was significantly lower (p < 0.05) as NLR in RES compared to 

SUS, which has been associated with a lower stress and inflammatory level in the animals.  

 

3.5 Conclusion 

 In conclusion, CBC has provided us with a snapshot of the health status of these pigs at 

several critical time points. The hematological profile has revealed that RES pigs may have a 
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higher level of innate immunity before disease challenge that enables them to react more quickly 

against invading microorganisms. Whilst, SUS pigs have a persistently higher level of neutrophils 

after disease challenge that may cause excessive inflammation and tissue damage that have an 

impact on their growth rate. Here, RBC, platelet and their related traits did not provide any insights 

on the resilience trait.  

Differences in leukocyte profiles in both RES and SUS pigs were supported by the results 

obtained from cytokine gene expression analysis. Based on the cytokine gene expression results 

of the selected pigs, RES pigs can be associated with a higher IL-8 and IL-1B gene expression 2 

weeks post challenge (B3); lower TNF-α, IL1B, IL-8 and IL-10 expression levels, and higher IFN-

γ 6 weeks post challenge (B4). This was suggestive of resolution of inflammation in B3 and B4 

and development of adaptive immunity in B4. On the other hand, SUS pigs had persistently high 

IL-10, IFN-γ, TNF-α, IL-8 and IL-1B throughout the blood samplings that may be suggestive of a 

persistent chronic inflammatory response. 
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Table 3.1 Red blood cells, white blood cells, platelet and related traits calculated from or related 

to these three main cell types measured in complete blood count from whole blood collected in B1, 

B3 and B4. 
 

Complete blood count 

Red blood cells1 White blood cells2 Platelet3 

RBC count, 106/μL 

Hemoglobin, g/dL 

Hematocrit, % 

MCV, fL 

MCH, pg 

MCHC, g/L 

CHCM 

RDW, % 

HDW 

Reticulocyte count, 103/μL 

Reticulocyte, % 

WBC count, 103/μL 

Neutrophils, 103/μL 

Lymphocytes, 103/μL 

Monocytes, 103/μL 

Eosinophils, 103/μL 

Basophils, 103/μL 

N:L ratio 

Neutrophil, % 

Lymphocyte, % 

Monocytes, % 

Eosinophil, % 

Basophil, % 

Platelet, 103/μL 

MPV, fL 

PDW 

PCT 

1RBC = red blood cells; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC 

= mean corpuscular hemoglobin concentration; MCHC = mean corpuscular hemoglobin concentration; 

CHCM = Cell hemoglobin concentration mean; RDW = RBC distribution width; HDW = Hemoglobin 

distribution width. 
2WBC = white blood cells; N:L ratio = Neutrophil:Lymphocyte ratio. 
3MPV = mean platelet volume; PDW = platelet distribution width; PCT = plateletocrit. 
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Table 3.2 Least squares means and standard errors of leukocyte traits for Resilient (n=8) and 

Susceptible groups (n=8) in batch 14.  

 

Group 
Blood 11 Blood 31 Blood 41 

RES SUS RES SUS RES SUS 

WBC2 13.23±0.45 8.55±0.22* 21.03±0.52 21.11±0.54 26.84±0.93 33.45±0.85 

NLR2 1.32±0.01 1.08±0.05 1.95±0.15 1.96±0.10 1.09±0.04 2.44±0.14* 

 
1Blood 1 = blood sample taken 2-weeks before challenge; Blood 3 = blood sample taken 2-weeks after 

challenge; Blood 4 = blood sample taken 6-weeks after challenge. 
2WBC = White blood cells (x103 cells/ul); NLR = neutrophil-lymphocyte ratio.   

* indicates P < 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 
 

Table 3.3 Pig performance between RES and SUS groups 

 

     

 

 

 
#48 dead pigs classified under Susceptible group. 
1Performance traits do not include those from dead animals.  
* indicates P < 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Performance Traits 
Groups 

Resilient Susceptible 

Number of pigs 118 231 (48#) 

Growth Rate (g/day)1 837.0 ± 43.7 722.9 ± 125.4* 

Treatment number per animal1 0.58 ± 0.5 2.17 ± 1.5* 

Slaughter weight (kg)1 131.5 ± 7.4 120.0 ± 9.9* 

Days to market (days)1 178.5 ± 9.0 184.3 ± 7.6 
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Table 3.4 Least squares means1 and standard errors of erythrocyte traits for Resilient (n=118) and Susceptible groups (n=279) 

1Least squares means ± SE are from the lsmeans in R. 
2RBC = red blood cells; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin 

concentration; MCHC = mean corpuscular hemoglobin concentration; CHCM = Cell hemoglobin concentration mean; RDW = RBC distribution 

width; HDW = Hemoglobin distribution width. 
3Blood 1 = blood sample taken 2-weeks before challenge; Blood 3 = blood sample taken 2-weeks after challenge; Blood 4 = blood sample taken 6-

weeks after challenge. 
4RES = Resilient group defined by growth rate of =>0.7615 kg/day and treatment rate of <=1; SUS = Susceptible group defined by these three 

conditions: growth rate of =>0.7615 kg/day and treatment rate >1; growth rate of <=0.7615 kg/day; dead pigs.  
5FDR = false discovery rate value, * indicates FDR < 0.05 

  

 

CBC Traits2 
Blood 13 Blood 33 Blood 43 

RES4 SUS4 FDR5 RES4 SUS4 FDR5 RES4 SUS4 FDR5 

RBC count, 106/μL 6.09±0.07 6.11±0.05 0.8554 6.18±0.07 6.28±0.04 0.4491 6.37±0.06 6.32±0.06 0.6805 

Hemoglobin, g/dL 120.36±1.29 116.61±0.83 0.0504 109.86±1.42 107.83±1.09 0.4491 108.01±1.31 105.10±1.26 0.2809 

Hematocrit, % 0.38±0.004 0.37±0.003 0.1851 0.35±0.005 0.35±0.003 0.5514 0.36±0.01 0.35±0.01 0.4989 

MCV, fL 61.94±0.46 60.19±0.33 0.017* 56.04±0.30 55.87±0.19 0.7656 56.11±0.28 55.81±0.20 0.5514 

MCH, pg 20.27±0.45 19.57±0.28 0.4130 13.46±0.69 14.03±0.40 0.6322 12.39±0.69 14.78±0.36 0.017* 

MCHC, g/L 326.18±6.13 323.38±3.58 0.8031 239.41±12.23 251.30±7.09 0.5514 222.62±12.39 265.04±6.39 0.017* 

CHCM 281.41±1.02 281.89±0.77 0.8031 289.13±1.04 285.38±0.74 0.017* 284.97±1.32 283.09±0.91 0.4491 

RDW, % 20.79±0.35 21.74±0.27 0.1040 18.13±0.21 19.10±0.19 0.017* 18.12±0.12 18.57±0.09 0.017* 

HDW 19.49±0.30 19.96±0.21 0.4166 19.56±0.21 18.74±0.13 0.017* 18.95±0.19 18.88±0.16 0.8479 

Reticulocyte count, 

103/μL 
155.75±6.63 156.64±4.69 0.9128 192.11±11.27 231.41±9.75 0.036* 190.96±6.51 178.01±6.27 0.3610 

Reticulocyte, % 2.55±0.10 2.57±0.07 0.8902 3.13±0.18 3.71±0.15 0.0505 3.04±0.11 2.88±0.11 0.4989 
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Table 3.5 Least squares means1 and standard errors of platelet traits for Resilient (n=118) and Susceptible groups (n=279) 

1Least squares means ± SE are from the lsmeans in R. 
2MPV = mean platelet volume; PDW = platelet distribution width; PCT = plateletocrit. 
3Blood 1 = blood sample taken 2-weeks before challenge; Blood 3 = blood sample taken 2-weeks after challenge; Blood 4 = blood sample taken 6-

weeks after challenge. 
4RES = Resilient group defined by growth rate of =>0.7615 kg/day and treatment rate of <=1; SUS = Susceptible group defined by these three 

conditions: growth rate of =>0.7615 kg/day and treatment rate >1; growth rate of <=0.7615 kg/day; dead pigs.  
5FDR = false discovery rate value, * indicates FDR < 0.05  

 

 

 

 

 

 

 

 

CBC Traits2 
Blood 13 Blood 33 Blood 43 

RES4 SUS4 FDR5 RES4 SUS4 FDR5 RES4 SUS4 FDR5 

Platelet, 103/μL 273.00±17.92 325.63±11.72 0.1768 453.75±17.33 470.24±10.96 0.7383 270.94±13.90 290.71±11.34 0.6518 

MPV, fL 13.12±0.34 12.39±0.14 0.2876 12.68±0.14 12.67±0.13 0.9688 12.94±0.14 12.95±0.14 0.9688 

PDW 61.79±1.34 62.95±0.76 0.7383 63.60±0.64 62.29±0.36 0.3003 68.18±0.71 68.80±0.55 0.7383 

PCT 0.003±0.001 0.003±0.0004 0.7812 0.01±0.0007 0.01±0.0005 0.7812 0.002±0.0004 0.002±0.0003 0.3754 
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Table 3.6 Least squares means1 and standard errors of leukocyte traits for Resilient (n=118) and Susceptible groups (n=279) 

 
1Least squares means ± SE are from the lsmeans in R. 
2WBC = white blood cells; N:L ratio = Neutrophil:Lymphocyte ratio. 
3Blood 1 = blood sample taken 2-weeks before challenge; Blood 3 = blood sample taken 2-weeks after challenge; Blood 4 = blood sample taken 6-

weeks after challenge. 
4RES = Resilient group defined by growth rate of =>0.7615 kg/day and treatment rate of <=1; SUS = Susceptible group defined by these three 

conditions: growth rate of =>0.7615 kg/day and treatment rate >1; growth rate of <=0.7615 kg/day; dead pigs.  
5FDR = false discovery rate value, * indicates FDR < 0.05 

CBC Traits2 
Blood 13 Blood 33 Blood 43 

RES4 SUS4 FDR5 RES4 SUS4 FDR5 RES4 SUS4 FDR5 

WBC count, 103/μL 11.17±0.38 11.66±0.22 0.5833 18.79±0.39 19.56±0.35 0.4318 21.74±0.52 22.24±0.42 0.6823 

Neutrophils, 103/μL 5.30±0.30 5.19±0.17 0.7960 9.36±0.30 9.52±0.28 0.7960 10.22±0.39 10.74±0.33 0.5876 

Lymphocytes, 103/μL 4.96±0.14 5.51±0.10 0.038* 6.88±0.20 7.39±0.17 0.4151 9.18±0.29 9.16±0.22 0.9582 

Monocytes, 103/μL 0.38±0.02 0.45±0.01 0.038* 1.27±0.07 1.31±0.06 0.7960 1.40±0.06 1.33±0.06 0.6823 

Eosinophils, 103/μL 0.31±0.02 0.28±0.01 0.4452 0.75±0.10 0.78±0.07 0.7999 0.40±0.02 0.44±0.02 0.4318 

Basophils, 103/μL 0.05±0.01 0.04±0.002 0.6485 0.12±0.01 0.13±0.01 0.5056 0.30±0.04 0.31±0.02 0.7960 

N:L ratio 1.11±0.06 1.00±0.03 0.4151 1.45±0.05 1.53±0.08 0.6823 1.28±0.08 1.31±0.05 0.7960 

Neutrophil, % 45.24±1.05 43.03±0.67 0.4151 49.35±1.02 48.06±0.75 0.5876 46.29±1.09 47.04±0.84 0.7875 

Lymphocyte, % 46.23±1.04 48.53±0.64 0.4151 37.02±0.89 38.66±0.68 0.4318 42.79±1.05 42.28±0.81 0.7960 

Monocytes, % 3.55±0.14 3.90±0.10 0.4151 6.84±0.39 6.58±0.24 0.7708 6.49±0.25 6.04±0.26 0.4921 

Eosinophil, % 3.02±0.21 2.59±0.14 0.4151 3.96±0.49 3.75±0.31 0.7960 1.89±0.09 2.06±0.08 0.4452 

Basophil, % 0.41±0.04 0.34±0.01 0.4318 0.62±0.03 0.66±0.02 0.6823 1.36±0.14 1.48±0.12 0.7560 
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Table 3.7 Pearson’s correlation coefficients between leukocytes and differential counts, platelet, cytokines of innate and adaptive 

immunity in sixteen selected pigs in batch 14  

* indicates P < 0.05  

** indicates P < 0.01 
1WBC = white blood cells; Neut = Neutrophil; Lymp = Lymphocyte; N:L ratio = Neutrophil:Lymphocyte ratio. 

Absolute neutrophil and lymphocyte counts were used to calculate the correlation between neutrophils and lymphocytes with other 

parameters. 

 

 

 

 

 

 

 

 

 

 IFN-γ IL-10 IL-1B IL-8 TNF-α WBC1 Neut1 Lymp1 NL ratio1 platelet IL-6 

IFN-γ 1 — — — — — — — — — — 

IL-10 0.51** 1 — — — — — — — — — 

IL-1B 0.08 0.23 1 — — — — — — — — 

IL-8 0.03 0.32* 0.68** 1 — — — — — — — 

TNF-α 0.08 0.47** 0.53** 0.22 1 — — — — — — 

WBC1 0.47** 0.40** -0.01 -0.09 0.23 1 — — — — — 

Neut1 0.40* 0.45** 0.07 0.03 0.31* 0.95** 1 — — — — 

Lymp1 0.47** 0.18 -0.19 -0.28 0.01 0.81** 0.60** 1 — — — 

NL ratio1 0.01 0.40* 0.32* 0.33* 0.38* 0.52** 0.73** -0.06 1 — — 

platelet -0.01 0.02 0.11 0.04 0.14 -0.01 0.01 -0.02 0.07 1 — 

IL-6 0.14 0.12 0.83** 0.60** 0.34* -0.01 0.03 -0.08 0.20 0.01 1 



89 
 

Figure 3.1 Classification of resilience groups using growth rate and treatment number, RES in 

quadrant I and SUS in quadrants II, III and IV.   
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Figure 3.2 White blood cells (WBC) counts and its differential cell types and platelet count of 

sixteen pigs in batch 14 (eight pigs from each resilient and susceptible group) in response to natural 

disease challenge. Data were presented as mean + SEM of CBC values; p values were stated for 

comparisons of group within blood sampling.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



91 
 

Figure 3.3 Peripheral blood cytokine gene expression of sixteen pigs in batch 14 (eight pigs from 

each resilient and susceptible group) in response to natural disease challenge. RQ values were 

calculated and expressed relative to endogenous control RPL32; HPRT was present as an 

additional internal PCR control. Data were presented as mean + SEM of RQ values; p values were 

stated for comparisons of group within blood sampling done using student T-test and comparisons 

across blood sampling within group done using repeated measures.  
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Chapter 4. Complete Blood Count Based Prediction of Disease Resilient Pigs in a Natural 

Challenge Model 

 

4.1 Introduction 

Disease resilience has been defined as the ability of animal to respond to an immune 

challenge (i.e. pathogen) in a way that minimizes the impact of disease (Plastow, 2016). Unlike 

the traits of disease resistance as discussed in Chapter 1, records of pathogen burden of infected 

animals are not required, which is also one of the main obstacles in studies of this type. This is 

because these phenotypes are difficult and expensive to collect and hence large scale studies are 

not possible. Instead, an emphasis on the performance of the animal regardless of pathogen load 

has been deemed a more practical approach to studying resilience (Mulder and Rashidi, 2017). On 

the other hand, a disease susceptible animal allows establishment and replication of pathogens, so 

that infection progresses affecting its growth performance. 

Studies done by Knetter et al., (2014) and Kommadath et al., (2014) showed that pigs with 

low and persistent Salmonella shedding in fecal samples exhibited different immune response 

within the first 2 days of infection and through genomic analyses, several new candidate regulators 

of Salmonella shedding in pigs were identified even before the beginning of a Salmonella 

challenge. Andronicos et al., in 2014 also reported the application of complete blood count (CBC) 

for the classification of Haemonchus contortus resilient sheep using a single blood sample 

regardless of the infection status. These studies support the notion that there is a practical potential 

of using blood samples taken before a disease challenge in predicting a disease outcome or trait of 

disease resilience of an animal. The CBC test offers several attractive features that mean it could 

be easily implemented in the industry if it is proven useful. Although CBC is not routinely done 
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on herd animals, it is a routine test in veterinary medicine in assessing the general health of an 

animal. Hence, the cost of the test and process of biological sample (blood sample) collection are 

tolerable; it does not require complex equipment nor highly skilled technicians to implement.  

Such a “classifier system” for medical diagnosis has been researched extensively in human 

medicine. These computational intelligence techniques help in diagnosis and early detection of 

heart disease and diabetes that may prevent these diseases from causing further damage to the body 

(Polat and Günes, 2007; Nahar et al., 2013). Predictions arising from different techniques assist 

medical experts in diagnosis and decision for treatment options. Principal component analysis 

(PCA), is a multivariate technique that has been used to extract important information where 

observations were described by inter-correlated quantitative dependant variables. This method was 

based on the assumption that most information about classes lies in the direction where variations 

are the largest (Polat and Günes, 2007). Before classification, PCA was used in dimensionality 

reduction of a dataset by representing these variables in a new set of orthogonal variables called 

principal components (PC) (Abdi et al., 2010). Linear regression with stepwise feature selection 

was then used in the selection of a combination of PCs that best predict the outcome of different 

classes. Reduction in dimensionality removed redundant data and thus less computational work 

was required with a smaller dataset. Generally, this leads to an improved generalization ability of 

a model and gives better accuracy in its prediction (Maldonado et al., 2011; Piramuthu et al., 2004). 

The high health status in the genetic nucleus (GN) and multiplication farms at the top of 

the swine breeding pyramid is a barrier to genetic selection of disease resilient pigs that perform 

well at the lower health status found at the commercial level. To allow healthy genetic 

improvement, biosecurity has to be maintained at a high level to prevent introduction and any 

establishment of swine diseases. In chapter 2, we briefly mentioned the Cross-bred Breeding Value 
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(CBV) approach adopted by industry with the aim of incorporating reproductive data from 

commercial sows bred with semen of pureline GN sires and recording progeny performance in the 

commercial farms for incorporation into the GN database. This method is indirect and requires 

participation of commercial producers, and there are no practical tools that can directly select 

disease resilience pigs under such high health conditions. By using the natural disease challenge 

model (NDCM) (described in Chapter 2), Yorkshire-Landrace crossbred barrows from high health 

multiplication farms were challenged by an intense multi-pathogen challenge to simulate 

commercial conditions. Such a disease exposure enables animals to express their resilient genotype. 

Blood samples collected before challenge were sent for CBC test. Performance traits such as 

growth rate and treatment rate were investigated retrospectively in the resilience study.  

We hypothesize that resilient and susceptible pigs generate different hematological profiles 

even before the occurrence of disease challenge. Our objective here was first, to reduce the 

dimensionality of the hematological dataset by using principal component analysis (PCA) and 

secondly, use these principal components (PCs) to develop a prediction algorithm that can be used 

in classifying pigs into resilient and susceptible groups before the occurrence of disease challenge. 

In this study, we also tested the impact of several types of resilient/susceptible classification (using 

growth rate and treatment rate of individual pig) in the outcome of these predictions.     

 

4.2 Materials and methods 

Experimental procedures were approved by the University of Alberta Animal Care and Use 

Committee for Livestock (AUP00002227). Pigs were handled in accordance with the guidelines 

described by the Canadian Council on Animal Care (CCAC, 2009). The animal study was 

conducted at the Centre for Research in Animal Science Deschambault (CRSAD) quarantine and 

https://remo.ualberta.ca/REMO/Rooms/DisplayPages/LayoutInitial?Container=com.webridge.entity.Entity%5bOID%5b7E42185C07BC784BB1C977489E3C074B%5d%5d
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acclimatization unit in Deschambault and Centre de developpement du porc du Quebec inc. 

(CDPQ) test station (Quebec City, QC, Canada). 

 

4.2.1 Animals and natural challenge model 

A total of eight hundred and ninety-three (n=893) high health nursery crossbred barrows 

of Yorkshire and Landrace lines from multiplier farms were enrolled in this study through PigGen 

Canada members. The multiplier herds had been followed by a veterinarian for at least six months 

in order to confirm the absence or effective control of the diseases as mentioned in Chapter 2. 

These high health multiplier pigs were then introduced into the test station in batches of 60 or 75 

pigs every three weeks. In total, fourteen batches of pigs were contributed by different PigGen 

members and transported from their multiplier herds to the test station. The first seven batches 

(batch 1 – 7) were labelled as cycle 1 and the second seven batches (batch 8 – 14) were labelled as 

cycle 2. These pigs were weaned at multiplier farms at approximately 21 days of age and 

transported to Deschambault research farm of Centre de développement du porc du Québec inc. 

(CDPQ) in Quebec, Canada where the natural disease challenge model was established. These 

barrows were introduced in batches and exposed naturally to multiple diseases simultaneously in 

the test station. Disease challenge was established using seeder pigs to simulate high disease 

pressure typical of a commercial situation. This natural disease challenge model and differences 

of pig flow in cycle 1 and 2 have been described in detail in Chapter 2. 

 

4.2.2 Biological sample collection and complete blood count (CBC) analysis 

Peripheral blood was collected at approximately 26-days of age via jugular venipuncture. 

The timing of the blood sampling was 5 days post-entry into the research facilities (cycle 1 in the 
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nursery unit of test station; cycle 2 in the CRSAD quarantine unit). This was also 2 weeks pre-

exposure to disease challenge in the test station. Blood was drawn into EDTA tubes for complete 

blood count (CBC) analysis. These samples were then packaged and sent by overnight courier to 

University of Alberta. Out of 42 shipments, 87.8% (36) and 12.2% (5) arrived within 24 and 48 

hours respectively. A standard CBC analysis was performed on the blood using the Siemens Advia 

2120 (Siemens Healthcare Diagnostics, Deerfield, IL, USA). CBC traits included red blood cells 

(RBC), haemoglobin, haematocrit, mean corpuscular volume (MCV), mean corpuscular 

haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), red blood cell 

distribution width (RDW), and numbers of platelets, white blood cells (WBC), lymphocytes, 

monocytes, neutrophils, eosinophils and basophils (Table 4.1). Compared to chapter 3, absolute 

number and percentage of large unstained cells (LUC) were included in this analysis. In the end, 

profiling of 29 CBC traits was performed on whole blood samples collected from individual pigs 

before disease challenge.  

 

4.2.3 Growth rate and treatment rate 

Body weights were measured at 3-week intervals from entry to market; treatment details 

were recorded for individual pigs. Animals were classified into resilient and susceptible groups 

using growth rate and treatment rate per 100 days. Growth rate was generated using linear 

regression based on the body weight and age of pigs recorded in the test station at every three-

week interval. Treatment rate per 100 days for an individual pig was calculated by the addition of 

number of injectable antibiotic administered (not including feed and water medication used on a 

batch basis), divided by the number of days that pig stayed in the research facility (live animal – 

from entry to slaughter/market; dead animal – from entry to death or euthanasia), multiplied by 
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100 days. Treatment of illness caused by physical trauma or any other causes that were not related 

to infectious diseases (traumatic injuries, death during blood collection etc.) were excluded in the 

calculation of treatment rate. 

In the end, 105 animals were excluded. This included 23 animals that died or were 

euthanized due to non-infectious causes, 28 pigs in batch 11 that arrived late at the research 

facilities and missed blood sample 1 collection and the remaining 54 animals from various batches 

that were without CBC data which was most likely due to clotted blood in the EDTA tube upon 

arrival at the lab caused by insufficient mixing immediately after collection by venipuncture. 

 

4.2.4 Disease resilience classification 

Based on the growth rate and treatment rate generated above, four different methods of 

resilience/susceptible classification in the training population were utilized: 

Method A) Means of growth rate and treatment rate were determined for all the animals 

within the two cycles. A resilient animal was classified as one with growth rate above the mean 

value and treatment rate below the mean value of all the animals. In other words, resilient animals 

were defined as an animal with higher than average growth rate and less than average treatment 

rate. The remaining animals were classified as susceptible. Susceptible animals included all the 

animals that died of infectious diseases. This classification method resulted in 29.3% (231 pigs) 

resilient and 70.7% (557 pigs) susceptible animals.   

Method B) Means of growth rate and treatment rate were determined per batch. Within 

each batch, resilient (RES) animals were classified as those with growth rate above the batch’s 

mean value and treatment rate below the batch’s mean value. This classification method resulted 

in 44.2% (348 pigs) resilient and 55.8% (440 pigs) susceptible animals. 
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Method C) Instead of using mean values of growth rate and treatment within cycles 

(method A) or mean values within batch (method B), this method used growth rate and treatment 

rate to form an index value for each animal. Both growth and treatment rates were given equal 

weight in the equation, and the index was standardized and adjusted by batch.  

Batch adjusted index = 0.5 (growth rate) – 0.5 (treatment rate) 

Based on this index, animals in the upper 50% were classified as resilient, and lower 50% 

were classified as susceptible animals. This method therefore resulted in an equal number of 

resilient and susceptible animals, 50% (394 pigs) animals in each group.  

Method D) Using the index method described in method C, however, instead of using the 

index to classify animals, it was treated as a continuous trait. 

 

4.2.5 Statistical analysis 

For method A, B and C, a linear prediction model based on the 29 CBC traits trained using 

principal component analysis (PCA) (R/Princomp) and stepwise feature selection (R/glmStepAIC) 

identified a combination of principal components with lowest Akaike Information Criterion (AIC) 

to classify these pigs into groups of RES and SUS. Prediction accuracy was assessed in 2-fold 

cross validation for the classification of pigs into resilient and susceptible groups using R/caret. 

Prediction accuracy based on actual outcomes was then compared with that obtained using a 

random classifier using Binomial test (R/binom.test). 

For method D, a linear prediction model based on the 29 CBC traits trained using principal 

component analysis (PCA) (R/Princomp) and stepwise feature selection (R/lmStepAIC) identified 

a combination of principal components with lowest Akaike Information Criterion (AIC). A 

predicted index value was then assigned to every pig in the test population. This prediction was 
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then evaluated by Pearson’s correlation test between actual index and predicted index value and 

the root mean squared error (RMSE). 

 Based on each prediction results in method A, B and C, the practical use in the field was 

examined. This was done by comparing the performance traits (number of dead animals, growth 

rate, treatment rate, slaughter weight and days to market) between predicted resilient and predicted 

susceptible groups in each method.     

  

4.3 Results 

PCA results showed that first five & ten principal components (PC) explained more than 

60% & 80% of variation in CBC traits respectively (Figure 4.1). The first and second PCs 

explained 18.1% and 14.7% of the variations in the CBC trait dataset (Figure 4.2).  

For method A, stepwise feature selection identified 8 out of 29 PCs with the lowest AIC 

best predict the classification of the resilience groups. This prediction model yielded an average 

prediction accuracy of 68.6% in a 2-fold cross validation, which was significantly (P < 0.002) 

higher than the prediction accuracy of random classifier, 58.5%. Actual and predicted 

classification results were presented in a confusion matrix (Table 4.2).  

For method B, prediction model yielded an average prediction accuracy of 56.5% in a 2-

fold cross validation, which was significantly (P < 0.001) higher than the prediction accuracy of 

random classifier, 50.7%. Actual and predicted classification results were presented in a confusion 

matrix (Table 4.3).  

For method C, the prediction model yielded an average prediction accuracy of 55.0% in a 

2-fold cross validation, which was significantly higher (P < 0.004) than prediction accuracy of 
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random classifier, 50.0%. Actual and predicted classification results were presented in a confusion 

matrix (Table 4.4).  

For method D, the prediction model yielded a non-significant (P = 0.2031) correlation 

coefficient of 0.042 with an RMSE of 0.8603.    

Comparison between prediction accuracy obtained in each method (A, B and C) with the 

prediction accuracy of respective random classifiers yielded significance difference (Table 4.5). 

Method A yielded the highest prediction accuracy of 68.5% in the classification of 

resilient/susceptible animals, followed by 56.5% in method B and 55.0% in method C (Table 4.5). 

In method B, there were significance difference between predicted resilient and predicted 

susceptible in treatment rate (P = 0.05) and days to market (P < 0.05) (Table 4.5).   

 

4.4 Discussion 

Based on the definition of disease resilience, i.e. an ability of animals to maintain an 

optimal performance in the face of infection, growth rate and treatment rate were selected as the 

two most important traits that may differentiate performing and non-performing animals at the 

commercial level. These two traits were selected based on the commercial goal of swine producers: 

to produce healthy fast growing pigs in a minimal period of time and cost. Swine producers in 

North America practise all-in-all-out production where any delay in pig growth negatively impacts 

the turnover rate of a batch of pigs that eventually leads to a loss in potential profit. On the other 

hand, resilient pigs were expected to grow well in a low health environment, regardless of the 

infection status or pathogen burden within animals. In this study, growth rate was measured as the 

period taken for a pig from weaning to reach slaughter weight in the finishing phase. During this 

period, pigs with clinical signs or a general sign of unthriftiness were treated with injectable 
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antibiotic in the challenge model. Thus, growth rate and treatment rate were ideal traits that may 

accurately reflect the growth pattern and health status of an animal.  

Based on these two traits, we have experimented with four (4) different methods of animal 

resilience/susceptible classification in the training population and its impact on the prediction 

results in the testing population. Batch effect was examined in all classification methods except 

method A. This resulted in different proportions of classified resilient and susceptible animals in 

each method. Although method A yielded the highest accuracy among all the methods, methods 

B, C and D where 788 pigs were batch was adjusted to normalize the variations between batches 

were considered better options. Removal of batch effect helped in reducing variations originating 

from seasonality differences during batch introduction into the test station, transportation stress 

that depended on the distance between multiplication farm and CDPQ farm, age and weight at 

weaning/entry into test station and genetic background of the pigs. Batch-to-batch variation in 

pathogen exposure may not be evident in the CBC dataset as these pigs were not exposed to 

pathogens before or during blood collection, yet this variation influenced the classification of 

disease resilience as it was based on the performance traits, growth rate and treatment rate. 

Although both method C and D were batch adjusted, animals were given an index generated 

by an equation whereby growth rate and treatment rate were given an equal weight. A possible 

disadvantage of using an index method in classification was animals with high index value could 

either be, i) having a high growth rate and low treatment rate (which was what we wanted), ii) high 

growth rate alone, or iii) low treatment rate alone. In the third scenario where animals were 

classified as resilient with a very low treatment rate alone may not be accurate as growth rate was 

not considered. In the challenge model, the growth pattern of a pig can be objectively recorded 

and represented in growth rate, however there could be biases in treatment rate. These biases could 
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be introduced by human factors, which may for example depend on the workload of the day and/or 

technical skills of technicians. For example, a day with higher workload or failure to recognize a 

clinical sign may reduce the number of antibiotic injections made per day. Therefore, in method 

A and B where resilient animals were first sorted out to have growth rate above mean value and 

then treatment rate below mean value within cycle and batch respectively would comparatively be 

more accurate in the resilient/susceptible classification.   

Although accuracies in methods A and C yielded a value of statistical significance when 

comparing to accuracies in random classifiers in a Binomial test, there were no significant 

difference in performance traits between predicted resilient and predicted susceptible groups 

(Table 4.5). Predicted index obtained in Method D also yielded a non-significant low correlation 

coefficient (r = 0.042, P = 0.2031) with a high RMSE value (RMSE = 0. 8603). This indicated a 

poor fit of the predicted model to the data. In method D, the generated predicted index matched 

poorly to the real index. Using method B, predicted resilient animals have significant lower 

treatment rate (P = 0.05) and shorter days to market (P < 0.05), this result looked promising in 

terms of its practical use in the field data (Table 4.5). Here, it was observed that different 

classification methods that resulted in different proportions of resilient and susceptible pigs 

presented different prediction outcomes.     

Before developing a prediction model, CBC dataset with 29 traits was transformed into 29 

sets of orthogonal variables called principal components (PCs). The first PC placed more weight 

on hemoglobin, hematocrit, red blood cell distribution width, mean corpuscular volume, mean 

corpuscular hemoglobin, platelet, hemoglobin distribution width and reticulocyte (# & %) (Figure 

4.2) and explained 18.1% of variation in the CBC dataset. The second PC placed most of its weight 

on neutrophil-lymphocyte ratio, neutrophil (# & %), lymphocyte (%), and total white blood cells 
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(Figure 4.2). The dimensionality reduction of CBC data made the subsequent classifier system 

more effective as expected from the results of Polat and Günes (2007).  

In method B, a linear prediction model with stepwise feature selection identified a 

combination of 8 out of 29 PCs best classify these pigs into groups of resilient and susceptible. 

This model has the lowest Akaike Information Criterion (AIC) and yielded a classification 

accuracy of 56.5% using 2-fold cross validation. AIC has been used as a measure to rank and 

compare competing prediction models generated using stepwise feature selection that best 

approximate the true biological processes happening within the CBC dataset (Symonds et al., 

2011). Classification performance of the current CBC-PCA classifier were displayed by using a 

confusion matrix (Table 4.3). In the confusion matrix, each cell contained the number of predicted 

and true resilient and susceptible pigs. Sensitivity and specificity values obtained by the model 

were 44.9% and 62.6% respectively.  

 

4.5 Conclusion 

In this study, although the same set of CBC and performance data were used, classification 

methods (A – D) played a significant role in determining the outcome of prediction results. Batch-

adjusted classification should be used to normalize the variations derived from batch effect in this 

study as infection/disease fluctuated with the changes in pathogen load within challenge model 

and differences in seasonality. Classification in method B with the CBC-PCA classifier looked 

promising in the selection of resilient and susceptible animals before disease challenge. However, 

such application of CBC is novel and thus requires further investigation. Approaches such as using 

different classification methods, addition of more study animals or using a different computational 

intelligence technique (other than PCA) should be explored to validate this preliminary result and 
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its potential use in selection of resilient and susceptible animals. In conclusion, a significant 

difference in prediction accuracy between the prediction model and random classifier may not 

guarantee a practical use in the field. Real commercial performance should be used to validate the 

usability of these prediction models. 
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Table 4.1 Red blood cells, white blood cells, platelet and related traits calculated from or related 

to these three main cell types measured in complete blood count from whole blood collected before 

natural disease challenge 
 

Complete blood count 

Red blood cells1 White blood cells2 Platelet3 

RBC count, 106/μL 

Hemoglobin, g/dL 

Hematocrit, % 

MCV, fL 

MCH, pg 

MCHC, g/dL 

CHCM 

RDW, % 

HDW 

Reticulocyte count, 103/μL 

Reticulocyte, % 

WBC count, 103/μL 

Neutrophils, 103/μL 

Lymphocytes, 103/μL 

Monocytes, 103/μL 

Eosinophils, 103/μL 

Basophils, 103/μL 

N:L ratio 

Neutrophil, % 

Lymphocyte, % 

Monocytes, % 

Eosinophil, % 

Basophil, % 

LUC, 103/μL 

LUC % 

Platelet, 103/μL 

MPV, fL 

PDW 

PCT 

1RBC = red blood cells; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC 

= mean corpuscular hemoglobin concentration; MCHC = mean corpuscular hemoglobin concentration; 

CHCM = Cell hemoglobin concentration mean; RDW = RBC distribution width; HDW = Hemoglobin 

distribution width. 
2WBC = white blood cells; N:L ratio = Neutrophil:Lymphocyte ratio; LUC = large unstained cells 
3MPV = mean platelet volume; PDW = platelet distribution width; PCT = plateletocrit. 
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Table 4.2 Confusion Matrix (method A) 

 
Predicted 

RES SUS 

True 
RES 12 106 

SUS 18 261 

 

Table 4.3 Confusion Matrix (method B) 

 
Predicted 

RES SUS 

True 
RES 62 76 

SUS 97 162 

 

Table 4.4 Confusion Matrix (method C) 

 
Predicted 

RES SUS 

True 
RES 94 99 

SUS 79 125 
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Table 4.5 Pigs performance between predicted RES and predicted SUS groups in Method A, B, C and D.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Prediction accuracy of each method and comparison to random classifier using Binomial test  
2Performance traits do not include those from dead animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Methods Method A Method B Method C 

Prediction accuracy1 68.5% (P < 0.002) 56.5% (P < 0.001) 55.0% (P < 0.004) 

Performance Traits Predicted 

RES 

Predicted 

SUS 

P Predicted 

RES 

Predicted 

SUS 

P Predicted 

RES 

Predicted 

SUS 

P 

Number of dead 

animals 

5 43 - 22 26 - 18 30 - 

Growth Rate (g/day)2 755.2 762.5 0.666 765.4 757.3 0.439 760.1 762.5 0.825 

Treatment number per 

animal per 100 days2 

1.2 1.0 0.217 0.9 1.1 0.050 1.1 1.0 0.256 

Slaughter weight (kg)2 120.5 122.9 0.285 122.6 123.3 0.587 122.8 122.9 0.939 

Days to market 

(days)2 

181.2 181.8 0.616 180.7 182.6 0.027 182.0 181.3 0.449 
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Figure 4.1 Plot showed the cumulative proportion of variance explained by number of principal components.   
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Figure 4.2 Biplot showed 32.8% cumulative proportion of variance explained by the first two principal components, PC 1 (18.1%) and 

PC 2 (14.7%). *Abbreviations of CBC traits as provided.   
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Chapter 5. General Discussion 

 

5.1 Research summary and conclusions 

 The existence of considerable host genetic variance to disease in pigs has been well 

documented (Bishop et al., 2010). These variances, contributed in large part by the variability of 

host immune responses to infection, have also been demonstrated under experimental conditions 

(Bishop, 2010; Clapperton et al. 2009; Flori et al., 2011 and Mallard et al., 1992). Immune 

responsiveness is a measurement of an animal’s competency in immunity. In addition, the ability 

of animals to respond to any infection in a way that minimizes the impact of disease has now been 

termed as resilience (Plastow, 2016). The advancement of genomics technology has created 

opportunities to explore the genetic variation of the resilience trait and will have a great impact on 

this costly and difficult to measure trait (Hayes and Goddard, 2010). This is also aided by the 

significant developments in the collection and analysis of field data, and measurement of 

phenotypes associated with resilience in pigs (Bishop et al., 2010). Our current resilience project 

combines the use of genomic technology, field data collection, immune response technology, 

traditional measures of productivity (e.g. growth rate and feed consumption) and natural disease 

challenge environments that offer immense opportunities for selection to improve disease 

resilience in pigs. These data, together with pedigree information and SNP genotypes, will be used 

to increase our understanding of the immune response and disease resilience. It will also be used 

in identifying the genomic regions associated with immune response, as well as the genetic 

relationship between immune measures on pigs in high-health environments and in health-

challenged environments.  
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 The structure of the pig production pyramid where genetic nucleus (GN) and multiplication 

farms are at the top of the pyramid where they are maintained in a high health status makes it 

impossible to select resilient pigs that are able to achieve their genetic potential in the lower health 

commercial level. This is evidenced by a considerable gap in the performance of breeders 

measured in the GN/multiplication farms and the performance of their progeny observed at the 

commercial level. To tackle this issue, a natural disease challenge model (NDCM) has been 

designed to overcome the failure in identification of resilient pigs in the GN/multiplication level. 

Unlike previous studies that were focused on a disease resistance approach, studies in this thesis 

used a disease resilience approach that was more pragmatic as it focussed on the impact of 

performance from disease exposure and not the host pathogen load which is relatively more 

difficult and expensive to measure. The NDCM to date has presented an unprecedented platform 

for researchers to extract these valuable phenotypes from 893 pigs in 14 batches. In chapter 2, we 

observed that NDCM has been successful in introducing variation in body weight gain, mortality, 

morbidity etc. The collection of valuable phenotypes, both performance data and biological 

samples were vital in characterizing the disease resilience trait in pigs. 

 Complete blood count (CBC), a direct measurement of immune response in an animal, has 

been an important extension of physical examination used by clinicians to derive a prognosis 

(Jones and Allison, 2007). CBC measures the concentration of three main cell types in the blood, 

red blood cells (RBC), white blood cells (WBC), and platelets. Five WBC differential counts by 

cell types (neutrophil, lymphocyte, monocyte, eosinophil and basophil) were also measured in 

CBC. On the other hand, cytokines are key regulators in host defense against pathogens. These 

proteins are potent immunomodulatory molecules that act as mediators of inflammation and the 

immune response. In chapter 3, we explored the CBC profiles of resilient and susceptible pigs 
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before and after natural challenge. We hypothesized that there are differences in CBC profiles 

between the two groups of pigs, and that these differences may help identify and explain the ability 

of resilient pigs to recover from infection or reduce the impact of disease. Chapter 3 revealed that 

red blood cells and platelets did not provide any insights for the resilience trait. However, resilient 

pigs had a higher neutrophil level before challenge and susceptible pigs experienced a persistently 

increasing neutrophil level after challenge.  From the CBC results, we noticed that susceptible pigs 

experienced leukocytosis and higher neutrophil-lymphocyte ratio than resilient pigs after disease 

challenge. We hypothesized that this phenomenon was caused by a higher level of expression of 

pro-inflammatory cytokine genes in susceptible pigs. This second hypothesis was further 

supported by the findings of a higher level of expression of the pro-inflammatory cytokine genes, 

TNF, IL8 and IL1B in susceptible pigs after challenge. Both CBC and cytokine gene expression 

supported the notion that susceptible pigs experienced a higher and persistent inflammatory 

response after natural challenge compared to resilient pigs.    

 A CBC profile that includes white blood cells, red blood cells and platelets has been used 

by researchers to develop a prediction algorithm to rank the resistance of sheep to Haemonchus 

contortus and further they were able to classify these sheep into resistant and susceptible groups 

with 80% and 100% accuracy respectively (Andronicos et al., 2014). Studies done in pigs have 

shown that persistent and low Salmonella shedders in fecal samples exhibited different immune 

response profiles as measured by peripheral cytokines and whole blood gene expression within the 

first 2 days of infection (Knetter et al., 2014; Kommadath et al., 2014). Furthermore, several 

candidate genes have been found to be associated with the shedding trait even before the beginning 

of a Salmonella challenge (Kommadath et al., 2014). The results presented in these studies support 

the notion that there is a practical potential for using blood samples taken before a disease 
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challenge in predicting a disease outcome or trait of disease resilience of an animal. The CBC test 

offered a direct measurement of immune response of an animal. This test is relatively inexpensive 

and the equipment readily available which means it could be easily implemented in the industry if 

it is proven to be useful. Several computational intelligence techniques have been used to develop 

prediction models. This is usually done by training on an initial dataset and validating or predicting 

on an independent dataset. These “classifier systems” have been researched extensively for 

medical diagnosis in human medicine and for example used in early detection of heart disease and 

diabetes (Polat & Günes, 2007; Nahar et al., 2013).  

 Here, we employed a technique of Principal Component Analysis (PCA) in order to reduce 

the dimensionality of the CBC dataset. PCA is a multivariate technique that has been used to 

extract important information where observations were described by inter-correlated quantitative 

dependant variables. Linear regression with stepwise feature selection was then used in the 

selection of a combination of principal components that best predict the class outcome. We 

hypothesized that resilient and susceptible pigs generate and present different hematological 

profiles even before the occurrence of disease challenge and that this CBC profile can be used to 

develop a prediction algorithm for the resilience classification of the animals. Chapter 4 revealed 

that with the first two cycles of animals in the NDCM such a classification method could play a 

significant role in predicting the outcome of the challenge. However, care is required at this point, 

as a significant difference in prediction accuracy obtained using CBC-PCA based prediction model 

and random classifier may not guarantee practical use in the field. Real commercial performance 

should be used to validate the usability of these prediction models. Application of CBC is novel 

and thus requires further investigation. 
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 The results from this thesis have provided valuable insights on CBC characteristics for both 

resilient and susceptible pigs. Phenotypically, it is clear that susceptible pigs may undergo an 

uncontrolled inflammatory response after disease challenge. Although the link between the degree 

of inflammatory response and performance is not directly established, excessive inflammatory 

response may ultimately be the cause of a lower slaughter weight, longer time to market and higher 

treatment rate in susceptible animals. This thesis has also provided an insight on the potential in 

phenotypically predicting/sorting pigs based solely on their CBC data in an unchallenged/high-

health environment. This could potentially be used as one of the tools in advancing the concept of 

precision livestock farming where pigs are sorted based on its disease susceptibility and subjected 

to different types of management (vaccination, medication, feed, stocking density etc.) to optimize 

the productivity of each animal. More importantly, breeders could utilize this tool to select for 

resilient pigs in the GN/multiplication farms. A practical tool of this sort does not exist yet, such 

a tool based on CBC will potentially overcome the barrier of selecting resilient animals in a high 

health environment. 

   

5.2 Limitations 

Overall, the research conducted provided insight into the changes of CBC profiles and 

innate and adaptive cytokine gene expression in resilient and susceptible pigs under the natural 

disease challenge model. Preliminary results also suggested that a prediction model formed using 

CBC parameters before challenge could potentially be applied in the field, however, further 

validation is required. Some challenges did exist throughout the project. In chapter 3, all the pigs 

selected for the analysis were from cycle 2, and classification of resilient and susceptible pigs was 

done within this cycle. Pigs in cycle 1 were not included due to different management (quarantine 
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unit and PCV2 vaccination) as compared to cycle 2 (described in chapter 2). In addition, batch 

effect was also not adjusted for in this study. There were seven batches of pigs in cycle 2 that were 

introduced at different times every 3 weeks. This batch effect was confounded by the seasonality 

differences during introduction, genetic background and environmental pathogen load between 

batches. This aspect is included in the overall design by ensuring that different sources of genetics 

are delivered across seasons. As there are seven suppliers this requires several cycles. 

Consideration of batch effect should certainly be done as the available data increases and this may 

further improve the accuracy of classification between resilient and susceptible pigs within the 

cycle.  

In chapter 3 and 4, pigs were classified into resilient and susceptible groups based on the 

growth rate and treatment rate of the pigs. Growth rate was calculated from the time pigs were 

introduced into the quarantine unit post-weaning to the finisher phase in the natural challenge 

model. Performance records in the multiplication farms such as birth weight were not available 

during the time of the analyses, therefore it could not be used. Inclusion of birth weight may further 

improve the classification of animals as it may be correlate to and can affect the overall growth 

rate of pigs. In addition, we do not have the individual feed and water intake records in the nursery 

phase where the initial natural challenge occurs. In chapter 4, 893 pigs in cycle 1 and 2 from 14 

batches were included in the study. There were some differences in the setting of natural disease 

challenge model between these 2 cycles that make a significant difference in the performance of 

the pigs as well as the levels of morbidity and mortality. In cycle 1, several batches of pigs 

experienced more than 50% mortality rates as well as high morbidity rates, which is not common 

in the commercial environment. To rectify the issue, an independent quarantine unit was set up 

and porcine circovirus 2 (PCV2) vaccine was applied to all pigs in cycle 2 which greatly reduced 
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the mortality and morbidity rates. Owing to this, some measures were taken to consider this cycle 

effect by using cycle 1 as training population and cycle 2 as the testing population, instead of 

random sampling or using batch as sampling method in our prediction model analysis. However, 

the best measure could have been to exclude animals in cycle 1 and to include animals from cycle 

2 and the subsequent cycles that will be available in the future which had more consistent 

performance.       

 

5.3 Future research 

 Future research can focus on finding the estimation of the heritability and genetic 

correlation of these CBC traits. Ideally, these traits have to be heritable under high health 

conditions and correlate to performance traits in commercial production to be used as predictors. 

In addition, by using genomic technology, SNPs or genomic regions associated with immune 

response and disease resilience can then be used as genetic markers that can predict resilience of 

the animal towards a wide range of infectious diseases. The joint effects of these SNP markers 

across the entire genome can then be used to calculate the genomic estimated breeding values 

(GEBV), i.e. genomic based breeding decision (Hayes and Goddard, 2009).   

 In our results, we found that certain CBC traits such as hemoglobin, absolute number of 

lymphocytes, monocytes and reticulocytes differs significantly between these two groups of pig. 

These findings presented an opportunity to further examine subpopulations of lymphocytes using 

different samples and/or methods. For example, types of lymphocyte subpopulations can be further 

dissected using flow cytometry and biological samples such as the peripheral blood mononuclear 

cell (PBMC). Previous research has associated CD16+, CD2+/CD16+ and CD8+ lymphocytes 

with the ability of pigs to grow efficiently with better carcass weight in a low health commercial 
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environment (Galina-Pantoja et al., 2006). On the other hand, cytokines play an integral role in the 

animal immune response and are involved in diverse functions, such as inflammatory response, 

innate and adaptive immunity etc. Therefore, various pathological conditions will be accompanied 

by changes in cytokine levels. These PBMC samples present an opportunity to explore the 

differences in the measurement of in-vitro production of cytokines from PBMC (between resilient 

and susceptible pigs) for example after stimulation with different mitogens.  

Other biological samples that were collected at the same time were plasma samples, 

extracted whole blood samples, and whole blood in tempus tubes. These plasma samples were 

extracted from whole blood in 3 bleedings (B1, B3 and B4), in addition plasma samples from six 

age and pen-matched pigs were collected over a wider timeframe (after B1) from clinically healthy 

and sick animals. Differences in the level of cytokines (e.g. IL-1B, IL-8, IL-6 etc.) and acute phase 

proteins (haptoglobin, alpha-1 acid glycoprotein (AGP), C-reactive protein (CRP) etc.) between 

resilient and susceptible pigs can be tested using these plasma samples for further characterization 

of immune response of the two groups of pig.   

Whole blood samples in tempus tubes collected during this project provide an opportunity 

to explore the blood transcriptome using next-generation sequencing techniques, such as RNAseq. 

Compared to the cytokine gene expression experiment conducted in chapter 3 (using qPCR), 

RNAseq provides a bigger picture by revealing the presence and quantity of RNA in the whole 

blood at any one time. By analyzing the continuously changing blood transcriptome, gene 

expression of immune-related genes (other than cytokines done in chapter 3), and growth-related 

genes etc. that are associated with the resilience trait can be investigated. Previous work has 

suggested that whole blood transcriptome has the potential to identify variation in immune 

response even without stimulation of the immune system (Kommadath et al., 2014). Predictor 
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genes that explained these variations can then be identified and incorporated in a prediction 

algorithm, trained, tested and validated using field data, similar to work done in chapter 4. On the 

other hand, RNAseq measures different populations of RNA, which include microRNA (miRNAs). 

MiRNAs are a novel class of non-protein-coding, endogenous small molecule RNAs which affect 

mRNA stability and translation into proteins (Lai, 2002). MiRNAs have been discussed as 

potential biomarkers in cancer and diseases such as viral infections, nervous system and 

cardiovascular disorder and diabetes (Wang et al., 2016). Similar to RNA, variations in miRNA 

profiles between resilient and susceptible pigs can be investigated and there is possibility of finding 

miRNAs as biomarkers for the identification of resilient animals.   

Further improvement can be made in the classification of resilient and susceptible animals, 

these include the incorporation of daily feed consumption and water intake data available in the 

project. Feed consumption data of individual pigs can be used to calculate feed conversion ratio 

(FCR) of each pig. This would potentially complement the current classification method of using 

only growth rate and treatment rate, FCR generated for each individual will provide valuable 

information on the efficiency of conversion from feed to live weight. On the other hand, both FCR 

and water intake data will complement the treatment rate in defining the health status of an animal, 

as sick animals will experience reduction in feed and water consumption. The measurement of 

pathogen burden for each animal can also be another possible way to increase the accuracy of the 

classification. Although this measurement can be very costly, a pilot study can be conducted for a 

small group of animals on a specific swine pathogen to assess the practicality of pathogen burden 

record in the classification of animals. Also, as mentioned above, birth weight and any other 

variables that may be correlate to, and can affect, the overall growth rate of pigs can be accounted 

for to make classification of resilient and susceptible animals more accurate. 
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There is an on-going pilot study conducted within the challenge model that utilizes infrared 

thermography to measure the body temperatures of pigs in the nursery pen. Initial results revealed 

that a higher amount of heat emitted from the surface of the body of an immune-challenged pig as 

compared to a healthy pig (Fortin et al pers. comm.). The changes in body temperature were 

detected by infrared thermography 1.5 days before the appearance of clinical signs and temperature 

was correlated with disease progression in the pigs. Preventive medication can be administered 

earlier on these sick pigs per pen basis instead of mass medication in the entire age/phase or herd 

basis. This will lead to a lower morbidity and a more effective usage of medication, especially 

antibiotics. As mentioned earlier, the current measurement of individual feed and water intake was 

confined only to grower-finisher phase, this recording system can further be extended to nursery 

phase where the initial natural challenge occurs.   

For chapter 4, the preliminary prediction results can be validated by the inclusion of more 

study animals (cycles 3 and the subsequent cycles), this will add more pigs into the study 

population. Here, we used PCA, a machine learning method in finding a linear combination of 

principal components that best characterized the two different classes of pigs. Alternative 

approaches are also possible, for example linear discriminant analysis (LDA) which is closely 

related to PCA where both are dimensionality reduction techniques, can be used in the same dataset. 

Operated using different mechanisms, PCA finds the direction that maximizes the variance in a 

dataset, whilst LDA computes the directions that represent the axes which maximize the separation 

between classes (Martinez et al., 2001). It is also not uncommon to use both techniques one after 

another in an analysis (Martinez et al., 2001). In another perspective, different weighting for 

growth rate and treatment rate can be used in method C to generate the index for each animal. With 

the existing biological understanding in CBC data, possible collaborations with machine learning 
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experts (for example from human medicine, computer science, or engineering) can be forged to 

further improve the prediction model.    

The swine industry has long relied on vaccination, medication, management, nutrition and 

to a lesser extent, genetic selection programs in the improvement and prevention of many swine 

diseases. Recently, by using the latest gene editing technology (CRISPR-Cas9), it was possible to 

generate pigs with a defective CD163, the receptor for PRRSV entry into cells, so that these pigs 

are resistant to PRRSV (Whitworth et al., 2016). Complementing all other approaches, the finding 

of CD163 in PRRS resistance is a big leap forward in improving the resilience trait in pigs, 

although evaluation of additional pigs and viral isolates is warranted.  

 

5.4 Conclusion 

 In a research perspective, striving towards producing a resilient animal, not to any one 

disease, but the improvement of overall disease resilience is an ambitious goal. Although there are 

various routes towards achieving this goal, what is lacking in the past was a platform, the natural 

disease challenge model, that could make all these possible. Economically, producers would be 

able to improve the feed conversion efficiency and incur a lower feed cost in their operations, 

raising a resilient animal is also the answer to providing a cheaper source of protein to an increasing 

world population in an environmentally sustainable manner. Both ways help in tackling food 

security issue that the world faces. Equally important, welfare of resilient pigs can be improved by 

the reduction of endemic and epidemic swine diseases, which could potentially make medication 

such as the usage of antibiotics irrelevant. This eventually leads to a more responsible use of 

antibiotics to address the global challenge of antibiotic resistance. Ultimately, technological 
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advancement in animal research will be the key driver in the transformation towards an improved 

swine health.  

 

5.5 References 

Andronicos, N. M., J. M. Henshall, L. F. Le Jambre,P. W. Hunt, and A. B. Ingham. 2014. A one 

shot blood phenotype can identify sheep that resist Haemonchus contortus challenge. 

Veterinary Parasitology 205:595–605. doi:10.1016/j.vetpar.2014.08.009. 

Bishop, S.C. 2010. Disease resistance: Genetics. In: W. G. Pond, A. W. Bell, editor. Encyclopedia 

of Animal Science. Marcel Dekker Inc., NY. p. 288–290. 

Clapperton, M., A. B. Diack, O. Matika, E. J. Glass, C. D. Gladney, M. A. Mellencamp, A. Hoste, 

and S. C. Bishop. 2009. Traits associated with innate and adaptive immunity in pigs: 

heritability and associations with performance under different health status conditions. 

Genetics Selection Evolution. 41:54. doi:10.1186/1297-9686-41-54. 

Flori, L., Y. Gao, D. Laloë, G. Lemonnier, J. Leplat, and A. Teillaud. 2011. Immunity Traits in 

Pigs: Substantial Genetic Variation and Limited Covariation. PLoS ONE. 6:e22717. doi: 

10.1371/journal.pone.0022717. 

Galina-Pantoja, L., M. A. Mellencamp, J. Bastiaansen, R. Cabrera, G. Solano-Aguilar and J. K. 

Lunney. 2006. Relationship Between Immune Cell Phenotypes and Pig Growth in a 

Commercial Farm. Animal Biotechnology. 17:81-98. doi:10.1080/10495390500461146. 

Hayes, B., and M. Goddard. 2010. Genome-wide association and genomic selection in animal 

breeding. Genome 53:876–883. doi:10.1139/G10-076.  

Irmak, K., I. Sen, and R. Col. 2006. The evaluation of coagulation profiles in calves with suspected 

septic shock. Vet Res Commun. 30:497–503. 



123 
 

Jones, M. L., and R. W. Allison. 2007. Evaluation of the Ruminant Complete Blood Cell Count. 

Vet Clin Food Anim. 23:377–402. 

Knetter, S. M., S. M. D. Bearson, T. Huang, D. Kurkiewicz, M. Schroyen, D. Nettleton, D. Berman, 

V. Cohen, J. K. Lunney, A. E. Ramer-Tait, M. J. Wannemuehler, and C. K. Tuggle. 2015. 

Salmonella enterica serovar Typhimurium-infected pigs with different shedding levels 

exhibit distinct clinical, peripheral cytokine and transcriptomic immune response 

phenotypes. Innate immunity 21:227–241. doi: 10.1177/1753425914525812. 

Kommadath, A, H. Bao, A. S. Arantes, G. S. Plastow, C. K. Tuggle, S. Bearson, L. L. Guan, and 

P. Stothard. 2014. Gene co-expression network analysis identifies porcine genes associated 

with variation in Salmonella shedding. BMC Genomics 15:452. doi:10.1186/1471-2164-

15-452.  

Lai, E. C. 2002. Micro RNAs are complementary to 3′ UTR sequence motifs that mediate 

negative post-transcriptional regulation. Nat Genet. 30:363–4. 

Mallard, B. A., B. N. Wilkie, B. W. Kennedy, and M. Quinton. 1992. Use of estimated breeding 

values in a selection index to breed Yorkshire pigs for high and low immune and innate 

resistance factors. Anim. Biotechnol. 3:257–280. 

Martinez, M., and A. C. Kak. 2001. "PCA versus LDA". IEEE Transactions on Pattern Analysis 

and Machine Intelligence 23:228-233. doi: 10.1109/34.908974 

Morris, D. D. 2002. Alterations in the leukogram. In: Smith BP, editor. Large animal internal 

medicine. 3rd ed. Mosby Elsevier, PA. p. 420–6. 

Mpetile, Z., J. M. Young, N. K. Gabler, J. C. M. Dekkers, and C. K. Tuggle. 2015. Assessing 

peripheral blood cell profile of Yorkshire pigs divergently selected for residual feed 

intake. J. Anim. Sci. 93:892-899. doi:10.2527/jas.2014-8132. 

https://doi.org/10.1186/1471-2164-15-452
https://doi.org/10.1186/1471-2164-15-452


124 
 

Nahar, J., T. Imam, K. S. Tickle, and Y. P. Chen. 2013. Computational intelligence for heart 

disease diagnosis: A medical knowledge driven approach. Expert Systems With 

Applications 4096:104. doi:10.1016/j.eswa.2012.07.032 

Polat, K., and S. Güneş. 2007. An expert system approach based on principal component analysis 

and adaptive neuro-fuzzy inference system to diagnosis of diabetes disease. Digital Signal 

Processing 17702:710. doi:10.1016/j.dsp.2006.09.005 

Stoppelaar, S. F. de, C. van ‘t Veer, and T. van der Poll. 2014. The role of platelets in sepsis. 

Thromb Haemost. 112:666–677. doi:10.1160/TH14-02-0126. 

Wang, J., J. Chen, and S. Sen. 2016. MicroRNA as Biomarkers and Diagnostics. J Cell Physiol. 

231:25-30. doi:10.1002/jcp.25056.  

Whitworth, K. M., R. R. Rowland, C. L. Ewen, B. R. Trible, M. A. Kerrigan, A. G. Cino-Ozuna, 

and R. S. Prather. 2016. Gene-edited pigs are protected from porcine reproductive and 

respiratory syndrome virus. Nature Biotechnology 34:20-22. doi:10.1038/nbt.3434 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1160/TH14-02-0126


125 
 

BIBLIOGRAPHY 

Abbas, A. K., and C. A. Janeway, Jr. 2000. Immunology: improving on nature in the twenty-first 

century. Cell 100:129-138. 

Abdi, H., and L. J. Williams. 2010. Principal component analysis. WIREs Comp Stat. 2:433–459. 

doi:10.1002/wics.101 

Adamo, S. A. 2004. How should behavioural ecologists interpret measurements of immunity? 

Anim. Behav. 68:1443–1449. 

Adler, K. B., B. M. Fischer, and D. T. Wright. 1994. Interactions between respiratory epithelial 

cells and cytokines: relationships to lung inflammation. Ann. N.Y. Acad. Sci. 725:128–

145. 

Alarcon, P., M. Velasova, D. Werling, K. D. Stark, Y. M. Chang, A. Nevel, D. U. Pfeiffer, and B. 

Wieland. 2011. Assessment and quantification of post-weaning multi-systemic wasting 

syndrome severity at farm level. Prev. Vet. Med. 98:19–28. 

Albers, G. A. A., S. E. Burgess, D. B. Adams, J. S. F. Barker, L. F. Le Jambre, and L. R. Piper. 

1984. Breeding Haemonchus contortus resistant sheep-problems and prospects. In J. K. 

Dineen, P. M. Outteridge (Eds), lmmunogenetic approaches to the control of endoparasites, 

(pp41-51) CSIRO (Aus), Division of Animal Health, Melbourne. 

Allen, A. R., G. Minozzi, E. J. Glass, R. A. Skuce, S. W. J. McDowell, J. A. Woolliams, and S. C. 

Bishop. 2010. Bovine tuberculosis: the genetic basis of host susceptibility. Proceedings of 

the Royal Society B. 277:2737-2745. 

Amulic, B., C. Cazalet, G. L. Hayes, K. D. Metzler, and A. Zychlinsky. 2012. Neutrophil Function: 

From Mechanisms to Disease. Annu. Rev. Immunol. 30:459–89. doi:10.1146/annurev-

immunol-020711-074942 



126 
 

Andronicos, N. M., J. M. Henshalla, L. F. Le Jambre,P. W. Hunt, and A. B. Ingham. 2014. A one 

shot blood phenotype can identify sheep that resist Haemonchus contortus challenge. 

Veterinary Parasitology 205:595–605. doi:10.1016/j.vetpar.2014.08.009. 

Archibald, A., J.-C. Audonnet, L. Babiuk, S. C. Bishop, C. G. Gay, J. McKay, B. Mallard, G. 

Plastow, M. H. Pinard van der Laan, and M. Torremorell. 2008. Advancing animal genomics 

in animal health. p.407-424. In M.-H. Pinard, C. Gay, P.-P. Pastoret, & B. Dodet (Eds), 

Animal Genomics for Animal Health, (pp407-424) Dev Biol (Basel), vol 132. Basel, Karger. 

Benjamini, Y., and Y. Hochberg. 1995. Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B 

(Methodological) 57:289-300. 

Bielefeldt-Ohmann, H. 1995. Role of cytokines in the pathogenesis and treatment of respiratory 

disease. In: M. J. Myers, M.P. Murtaugh, editors. Cytokines in Animal Health and Disease. 

Marcel Dekker, NY. p. 291–332. 

Biozzi, G., M. Siqueira, C. Stiffel, O. M. Ibanex, D. Mouton, and V. C. A. Ferreira. 1980. Genetic 

selection for relevant immunological functions. In: Progress in Immunology IV. Academic 

Press, New York. p. 432-57. 

Biron, C. A., and G. C. Sen. 2001. Interferons and other cytokines. In: D. Knipe, P. Howley, D. 

Griffin, R. Lamb, M. Martin, editors. Fields of Virology (4th Edit.). Lippincott, Williams 

& Wilkins, Philadelphia. p. 321-349. 

Bishop, S. C., and J. A. Woolliams. 2014. Genomics and disease resistance studies in livestock. 

Livestock Science. 166:190–198. doi: 10.1016/j.livsci.2014.04.034.  

Bishop, S.C. 2010. Disease resistance: Genetics. In: W. G. Pond, A. W. Bell, editor. Encyclopedia 

of Animal Science. Marcel Dekker Inc., NY. p. 288–290. 



127 
 

Bittleman, D. B., and B. C. Casale. 1995. Interleukin-8 mediates interleukin-1 alpha–induced 

neutrophil transcellular migration. Am. J. Respir. Cell. Mol. Biol. 13:323–329. 

Blunn, C. T., G. N. Baker, and L. Hanson. 1953. Heritability of gain in different growth periods in 

swine. J. Anim. Sci. 12:39. 

Boddicker, N., E. H. Waide, R. R. Rowland, J. K. Lunney, D. J. Garrick, J. M. Reecy, and J. C. 

Dekkers. 2012. Evidence for a major QTL associated with host response to porcine 

reproductive and respiratory syndrome virus challenge. J Anim Sci. 90:1733-46. doi: 

10.2527/jas.2011-4464. 

Braunstein, E. M. 2016. Anemia of chronic disease (anemia of chronic inflammation). 

https://www.merckmanuals.com/en-ca/professional/hematology-and-oncology/anemias-

caused-by-deficient-erythropoiesis/anemia-of-chronic-disease. (Accessed 4 January 2018). 

Brooks, D. G., M. J. Trifilo, K. H. Edelmann, L. Teyton, D. B. McGavern, and M. B. A. Oldstone. 

2006. Interleukin-10 determines viral clearance or persistence in vivo. Nat Med. 12:1301–

1309. 

Burrough, E. R., E. L. Strait, J. M. Kinyon, L. P. Bower, D. M. Madson, B. L. Wilberts, K. J. 

Schwartz, T. S. Frana, and J. G. Songer. 2012. Comparative virulence of clinical Brachyspira 

spp. isolates in inoculated pigs. J Vet Diagn Invest. 24:1025-1034. 

Butler, J. E., K. M. Lager, and W. Golde. 2014. Porcine reproductive and respiratory syndrome 

(PRRS): an immune dysregulatory pandemic. Immunol Res. 59:81. doi: 10.1007/s12026-

014-8549-5 

Canada Pork International. 2015. http://www.canadapork.com/en/industry-information/hog-

production-in-canada (Accessed 1 August 2017.) 

https://www.merckmanuals.com/en-ca/professional/hematology-and-oncology/anemias-caused-by-deficient-erythropoiesis/anemia-of-chronic-disease)
https://www.merckmanuals.com/en-ca/professional/hematology-and-oncology/anemias-caused-by-deficient-erythropoiesis/anemia-of-chronic-disease)
https://doi.org/10.1007/s12026-014-8549-5
https://doi.org/10.1007/s12026-014-8549-5
http://www.canadapork.com/en/industry-information/hog-production-in-canada
http://www.canadapork.com/en/industry-information/hog-production-in-canada


128 
 

Chae C. 2016. Porcine respiratory disease complex: Interaction of vaccination and porcine 

circovirus type 2, porcine reproductive and respiratory syndrome virus, and Mycoplasma 

hyopneumoniae. Vet J. 212:1-6. doi: 10.1016/j.tvjl.2015.10.030. 

Chander, Y., A. Primus, S. Oliveira, and C. J. Gebhart. 2012. Phenotypic and molecular 

characterization of a novel strongly hemolytic Brachyspira species, provisionally designated 

"Brachyspira hampsonii". J Vet Diagn Invest. 24:903-910. 

Charerntantanakul, W. 2012. Porcine reproductive and respiratory syndrome virus vaccines: 

Immunogenicity, efficacy and safety aspects. World Journal of Virology. 1:23–30. 

http://doi.org/10.5501/wjv.v1.i1.23. 

Che, T. M., R. W. Johnson, K. W. Kelley, W. G. Van Alstine, K. A. Dawson, C. A. Moran, and J. 

E. Pettigrew. 2011. Mannan oligosaccharide improves immune responses and growth 

efficiency of nursery pigs experimentally infected with porcine reproductive and 

respiratory syndrome virus. J. Anim. Sci. 89:2592-2602. doi:10.2527/jas.2010-3208. 

Clapperton, M., A. B. Diack, O. Matika, E. J. Glass, C. D. Gladney, M. A. Mellencamp, A. Hoste, 

and S. C. Bishop. 2009. Traits associated with innate and adaptive immunity in pigs: 

heritability and associations with performance under different health status conditions. 

Genetics Selection Evolution. 41:54. doi:10.1186/1297-9686-41-54. 

Cogliani, C., H. Goossens, and C. Greko. 2011. Restricting antimicrobial use in food animals: A 

lesson from Europe. Microbe. 6:274-279. 

Cooper, C. A., L. E. Moraes, J. D. Murray, and S. D. Owens. 2014. Hematologic and biochemical 

reference intervals for specific pathogen free 6-week-old Hampshire-Yorkshire crossbred 

pigs. J. Anim. Sci. Bioctech. 5:1-5. 



129 
 

Corrêa, A. M. R., P. Zlotowsk, D. E. S. N. Barcellos, C. E. F. Cruz, and D. Driemeier. 2008. 

Gastric ulcers in pigs affected with postweaning multisystemic wasting syndrome. Pesquisa 

Veterinária Brasileira. 28:601-605. 

Darwich, L., M. Balasch, J. Plana-Durán, J. Segalés, M. Domingo, and E. Mateu. 2003. Cytokine 

profiles of peripheral blood mononuclear cells from pigs with postweaning multisystemic 

wasting syndrome in response to mitogen, superantigen or recall viral antigens. J Gen Virol. 

84:3453–3457. 

Dawson, H. D., E. Beshah, S. Nishi, G. Solano-Aguilar, and M. Morimoto. 2005. Localized 

multigene expression patterns support an evolving Th1/Th2-like paradigm in response to 

infections with Toxoplasma gondii and Ascaris suum. Infection and immunity 73:1116–

1128. 

Dee, S. 1996. The porcine respiratory disease complex: are subpopulations important? J. Swine 

Health Prod. 4:147-149. 

Didierlaurent, A., J. Goulding, and T. Hussell. 2007. The impact of successive infections on the 

lung microenvironment. Immunology 122:457–465. 

Dwyer, C. M., J. M. Fletcher, and N. C. Stickland. 1993. Muscle cellularity and postnatal growth 

in the pig. J Anim Sci. 71:3339-3343. doi:10.2527/1993.71123339x 

Dyck, M. K., J. Harding, B. Kemp, B. Willing, E. Goddard, and G. S. Plastow. 2016. Genomics 

and swine health: The next steps. Advances in Pork Production. 27:183-193. 

Edfors-Lilja, I, H., Ellegren, A. K. Wintero, M. Ruohonen-Lehto, M. Fredholm, and U. Gustafsson. 

1993. A large linkage group on pig chromosome 7 including the MHC class I, class II (DQB), 

and class III (TNFB) genes. Immunogenetics. 38:363-366. 



130 
 

Estes, D. M., and W. C. Brown. 2002. Type 1 and type 2 responses in regulation of Ig isotype 

expression in cattle. Vet. Immunol. Immunopathol. 90:1-10. 

Evans, G. 2009. Breeding for productivity is more accurate than ever before. Pig Improvement 

Company. http://www.picnz.co.nz/file/BreedingforProductivity_PICGNXbred090925.pdf 

(Accessed 15 December 2017). 

Fan, B., S. K. Onteru, Z. Q. Du, D. J. Garrick, K. J. Stalder, and M. F. Rothschild. 2011. Genome-

wide association study identifies Loci for body composition and structural soundness traits 

in pigs. PLoS One. 6: e14726. doi:10.1371/journal.pone.0014726. 

Flori, L., Y. Gao, D. Laloë, G. Lemonnier, J. Leplat, and A. Teillaud. 2011. Immunity Traits in 

Pigs: Substantial Genetic Variation and Limited Covariation. PLoS ONE. 6:e22717. doi: 

10.1371/journal.pone.0022717. 

Friendship, R. M. 2017. Overview of health-management interaction: Pigs. 

https://www.merckvetmanual.com/management-and-nutrition/health-management-

interaction-pigs/overview-of-health-management-interaction-pigs. (Accessed 2 January 

2018). 

Galina-Pantoja, L., M. A. Mellencamp, J. Bastiaansen, R. Cabrera, G. Solano-Aguilar and J. K. 

Lunney. 2006. Relationship Between Immune Cell Phenotypes and Pig Growth in a 

Commercial Farm. Animal Biotechnology. 17:81-98. doi:10.1080/10495390500461146. 

Ganz, T., and E Nemeth. 2015. Iron homeostasis in host defence and inflammation. Nature 

Reviews Immunology 15:500–510. doi:10.1038/nri3863. 

Gavora, J. S., and J. L. Spencer. 1983. Breeding for immune responsiveness and disease resistance. 

Animal Blood Groups and Biochemical Genetics 14:159-80. 

http://www.picnz.co.nz/file/BreedingforProductivity_PICGNXbred090925.pdf
https://www.merckvetmanual.com/management-and-nutrition/health-management-interaction-pigs/overview-of-health-management-interaction-pigs
https://www.merckvetmanual.com/management-and-nutrition/health-management-interaction-pigs/overview-of-health-management-interaction-pigs


131 
 

Grindflek, E., T. H. Meuwissen, T. Aasmundstad, H. Hamland, M. H. Hansen, T. Nome, M. Kent, 

P. Torjesen, and S. Lien. 2011. Revealing genetic relationships between compounds 

affecting boar taint and reproduction in pigs. J Anim Sci. 89:680-692. doi:10.2527/jas.2010-

3290. 

Halbur, P. G. 1998. Porcine respiratory disease. Proc. Int. Pig Vet. Soc. Congr. 15:1-10. 

Halbur, P. G., M. F. Rothschild, B. J. Thacker, X.-J. Meng, P. S. Paul, and J. D. Bruna. 1998. 

Differences in susceptibility of Duroc, Hampshire, and Meishan pigs to infection with a high 

virulence strain (VR2385) of porcine reproductive and respiratory syndrome virus (PRRSV). 

J Anim Breed Genet. 115:181–189. doi: 10.1111/j.1439-0388.1998.tb00341.x 

Haschek, W. 2013. Systemic Toxicology Pathology. In: R. C. G. Haschek, W. M. Walling, editors. 

Haschek and Rousseaux’s Handbook of Toxicologic Pathology Vol 3, Elsevier, Oxford, 

UK. p. 2665–91. 

Hasslung, F., P. Wallgren, A. S. Ladekjaer-Hansen, A. Bøtner, J. Nielsen, E. Wattrang, G. M. 

Allan, F. McNeilly, J. Ellis, S. Timmusk, K. Belák, T. Segall, L. Melin, M. Berg, and C. 

Fossum. 2005. Experimental reproduction of postweaning multisystemic wasting 

syndrome (PMWS) in pigs in Sweden and Denmark with a Swedish isolate of porcine 

circovirus type 2. Vet. Microbiol. 106:49–60. 

Havenstein, G. B., P. R. Ferket, S. E. Scheideler, and B. T. Larson. 1994. Growth, livability, and 

feed conversion of 1957 vs 1991 broilers when fed ‘‘typical’’ 1957 and 1991 broiler diets. 

Poult. Sci. 73:1785–1794. 

Hayes, B., and M. Goddard. 2010. Genome-wide association and genomic selection in animal 

breeding. Genome. 53:876–883. doi:10.1139/G10-076.  



132 
 

He, H., and E. A. Garcia. 2009. "Learning from Imbalanced Data". IEEE Transactions on 

Knowledge and Data Engineering 21:1263-1284. doi: 10.1109/TKDE.2008.239 

Henderson, C. R. 1984. Applications of linear models in animal breeding. University of Guelph 

Press, Guelph, Canada. 

Henryon, M., and P. M. H. Heegaard. 2006. Immunological traits have the potential to improve 

selection of pigs for resistance to clinical and subclinical disease. J. Animal Sci. 82:597-606. 

Heriazon, A., K. Hamilton, J. Huffman, B. N. Wilkie, W. Sears, M. Quinton, and B. A. Mallard. 

2011. Immunoglobulin isotypes of lactating Holstein cows classified as high, average, and 

low type-1 or -2 immune responders. Vet. Immunol. Immunopathol. 144:259–269. 

Heyer, A., and B. Lebret. 2014. Compensatory growth response in pigs: Effects on growth 

performance, composition of weight gain at carcass and muscle levels, and meat quality. J. 

Anim. Sci. 85:769–778. doi:10.2527/jas.2006-164.  

Holtkamp, D. J., J. B. Kliebenstein, E. J. Neumann, J. J. Zimmerman, H. F. Rotto, T. K. Yoder, C. 

Wang, P. E. Yeske, C. L. Mowrer, and C. A. Haley. 2013. Assessment of the economic 

impact of porcine reproductive and respiratory syndrome virus on United States pork 

producers. J. Swine Heal. Prod. 21:72–84.  

Hughes, H. D., J. A. Carroll, N. C. Burdick Sanchez, S. L. Roberts, P. R. Broadway, N. D. May, 

M. A. Ballou, and J. T. Richeson. 2017. Effects of dexamethasone treatment and 

respiratory vaccination on rectal temperature, complete blood count, and functional 

capacities of neutrophils in beef steers. J. Anim. Sci. 95:1502-1511. 

Imtiaz, F., K. Shafique, S. S. Mirza, Z. Ayoob, P. Vart, and S. Rao. 2012. Neutrophil lymphocyte 

ratio as a measure of systemic inflammation in prevalent chronic diseases in Asian 

population. International Archives of Medicine 5:2. doi:10.1186/1755-7682-5-2. 



133 
 

Irmak, K., I. Sen, and R. Col. 2006. The evaluation of coagulation profiles in calves with suspected 

septic shock. Vet Res Commun. 30:497–503. 

Jones, M. L., and R. W. Allison. 2007. Evaluation of the Ruminant Complete Blood Cell Count. 

Vet Clin Food Anim. 23:377–402. 

Kim, J., H. Chung, and C. Chae. 2003. Association of porcine circovirus 2 with porcine respiratory 

disease complex. Veterinary Journal 166:251-256. doi:10.1016/S1090-0233(02)00257-5 

Kim, W. S., U. S. Jung, M. J. Kim, S. W. Jeon, D. Q. Peng, Y. S. Kim, M. H. Bae, J. S. Lee, S. 

R. Lee, and H. G. Lee. 2016. 1173 Relationship between blood parameters, physiological 

changes, and behavior pattern in Korean native steers under cold stress. J. Anim. Sci. 

94:563-563. doi:10.2527/jam2016-1173. 

Knetter, S. M., S. M. D. Bearson, T. Huang, D. Kurkiewicz, M. Schroyen, D. Nettleton, D. Berman, 

V. Cohen, J. K. Lunney, A. E. Ramer-Tait, M. J. Wannemuehler, and C. K. Tuggle. 2015. 

Salmonella enterica serovar Typhimurium-infected pigs with different shedding levels 

exhibit distinct clinical, peripheral cytokine and transcriptomic immune response 

phenotypes. Innate immunity 21:227–241. doi: 10.1177/1753425914525812. 

Kobayashi, S. D., and F. R. DeLeo. 2009. Role of neutrophils in innate immunity: a systems 

biology-level approach. Wiley Interdiscip Rev Syst Biol Med. 1:309-333. 

Kommadath, A, H. Bao, A. S. Arantes, G. S. Plastow, C. K. Tuggle, S. Bearson, L. L. Guan, and 

P. Stothard. 2014. Gene co-expression network analysis identifies porcine genes 

associated with variation in Salmonella shedding. BMC Genomics 15:452. 

doi:10.1186/1471-2164-15-452.  

Kozak, W., V. Poli, and D. Soszynski. 1997. Sickness behavior in mice deficient in interleukin-6 

during turpentine abcess and influenza pneumonitis. Am. J. Physiol. 272:621–630. 

https://doi.org/10.1186/1471-2164-15-452


134 
 

Lai, E. C. 2002. Micro RNAs are complementary to 3′ UTR sequence motifs that mediate 

negative post-transcriptional regulation. Nat Genet. 30:363–4. 

Lee, C. 2015. Porcine epidemic diarrhea virus: An emerging and re-emerging epizootic swine virus. 

Virology Journal. 12:193. doi:10.1186/s12985-015-0421-2 

Li, X., A. Galliher-Beckley, L. Pappan, B. Trible, M. Kerrigan, A. Beck, and J. Shi. 2014. 

Comparison of Host Immune Responses to Homologous and Heterologous Type II Porcine 

Reproductive and Respiratory Syndrome Virus (PRRSV) Challenge in Vaccinated and 

Unvaccinated Pigs. Biomed Res Int. 2014:416727. doi:10.1155/2014/416727. 

Lowe, J. E., R. Husmann, L. D. Firkins, F. A. Zuckermann, and T. L. Goldberg. 2005. Correlation 

of cell-mediated immunity against porcine reproductive and respiratory syndrome virus with 

protection against reproductive failure in sows during outbreaks of porcine reproductive and 

respiratory syndrome in commercial herds. J Am Vet Med Assoc. 226:1707-1711. 

Lukert, P. 1999. Porcine Circovirus. Diseases of Swine. 8th ed. Iowa State University Press, 

Ames, USA.  

Lunney, J. K., E. R. Fritz, J. M. Reecy, D. Kuhar, E. Prucnal, R. Molina, J. Christopher-Hennings, 

J. Zimmerman, and R. R. R. Rowland. 2010. Interleukin-8, Interleukin-1b, and Interferon-

g Levels Are Linked to PRRS Virus Clearance. Viral Immunology 23:127-34. Doi: 

10.1089/vim.2009.0087.  

Madjid, M., and O. Fatemi. 2013. Components of the Complete Blood Count as Risk Predictors 

for Coronary Heart Disease: In-Depth Review and Update. Tex Heart Inst J. 40:17–29. 

Mahan, D. C, and A. J. J. Lepine. 1991. Effect of pig weaning weight and associated nursery 

feeding programs on subsequent performance to 105 kilograms body weight. J. Anim. Sci. 

69:1370-1378. 

https://doi.org/10.1186/s12985-015-0421-2


135 
 

Maldonado, S., R. Weber, and J. Basak. 2011. Simultaneous feature selection and classification 

using kernel-penalized support vector machines. J. Inf. Sci. 181:115–128. 

doi:10.1016/j.ins.2010.08.047. 

Mallard, B. A., and B. N. Wilkie. 2003. Genetic Improvement of Immune Response and Disease 

Resistance: Past Experience and a Vision for the Future. National Swine Improvement 

Federation. www.nsif.com/Conferences/2003/pdf/geneticimmuneresponse.pdf (Accessed 

15 August 2017.)  

Mallard, B. A., B. N. Wilkie, B. W. Kennedy, and M. Quinton. 1992. Use of estimated breeding 

values in a selection index to breed Yorkshire pigs for high and low immune and innate 

resistance factors. Anim. Biotechnol. 3:257–280. 

Mallard, B. A., H. Atalla, S. Cartwright, B. Hine, B. Hussey, M. Paibomesai, K. Thompson-Crispi, 

and L. Wagter-Lesperance. 2011. Genetic and epigenetic regulation of the bovine immune 

system: Practical implications of the high immune response technology. Proc National 

Mastitis Council 50th Annual Meeting. p. 53-63. 

Marin-Serrano, E., C. Rodriguez-Ramos, F. Diaz, L. Martin-Herrera, and J. A. Giron-Gonzalez. 

2006. Modulation of the anti-inflammatory interleukin 10 and of proapoptotic IL-18 in 

patients with chronic hepatitis C treated with interferon alpha and ribavirin. J Viral Hepat. 

13:230–234. 

Martinez, M., and A. C. Kak. 2001. "PCA versus LDA". IEEE Transactions on Pattern Analysis 

and Machine Intelligence 23:228-233. doi: 10.1109/34.908974 

Mateu, E., and I. Diaz. 2008. The challenge of PRRS immunology. The Veterinary Journal. 

177:345-351. doi:10.1016/j.tvjl.2007.05.022. 



136 
 

McCaw, M.B. 1993. Streptococcus suis: Nagging nursery nightmare. Proceedings of the North 

Carolina Healthy Hogs Seminar, North Carolina Swine Veterinary Group. 

Meese, G. B., and R. Ewbank. 1972. A note on instability of the dominance hierarchy and 

variations in level of aggression within groups of fattening pigs. Anim Prod. 14:359–362. 

Meijerink, E., R. Fries, P. Vogeli, J. Masabanda, G. Wiager, and C. Stricker. 1997. Two alpha(1,2) 

fucosyltransferase genes on porcine chromosome 6q11 are closely linked to the blood group 

inhibitor (S) and Escherichia coli F18 receptor (ECF18R) loci. Mamm. Genome. 8:736–741. 

Meredyth, L., R. Jones, and W. Allison. 2007. Evaluation of the Ruminant Complete Blood Cell 

Count. Vet Clin Food Anim. 23:377–402. 

Moen, T., A. Baranski, A. K. Sonesson, and S. Kjøglum. 2009. Confirmation and fine-mapping of 

a major QTL for resistance to infectious pancreatic necrosis in Atlantic salmon (Salmo salar): 

population-level associations between markers and trait. BMC Genomics. 10:368. 

Morris, D. D. 2002. Alterations in the leukogram. In: Smith BP, editor. Large animal internal 

medicine. 3rd ed. Mosby Elsevier, PA. p. 420–6. 

Mortensen, S., H. Stryhn, R. Sorgaard, A. Boklund, K. D. Stark, and J. Christensen. 2002. Risk 

factors for infection of sow herds with porcine reproductive and respiratory syndrome virus 

(PRRSV). Prev. Vet. Med. 53:83–101. 

Mpetile, Z., J. M. Young, N. K. Gabler, J. C. M. Dekkers, and C. K. Tuggle. 2015. Assessing 

peripheral blood cell profile of Yorkshire pigs divergently selected for residual feed 

intake. J. Anim. Sci. 93:892-899. doi:10.2527/jas.2014-8132. 

Mulder, H. A., and H. Rashidi. 2017. Selection on resilience improves disease resistance and 

tolerance to infections. American Society of Animal Science. J. Anim. Sci. 95:3346–3358 

doi:10.2527/jas2017.1479 



137 
 

Nahar, J., T. Imam, K. S. Tickle, and Y. P. Chen. 2013. Computational intelligence for heart 

disease diagnosis: A medical knowledge driven approach. Expert systems with 

applications. 4096:104. doi:10.1016/j.eswa.2012.07.032 

Niederwerder, M. C., B. Bawa, N. V. L. Serão, B. R. Trible, M. A. Kerrigan, J. K. Lunney, J. C. 

M. Dekkers, and R. R. R. Rowland. 2015. Vaccination with a porcine reproductive and 

respiratory syndrome (PRRS) modified live virus vaccine followed by challenge with PRRS 

virus and porcine circovirus type 2 (PCV2) protects against PRRS but enhances PCV2 

replication and pathogenesis compared to results for nonvaccinated cochallenged controls. 

Clin Vaccine Immunol. 22:1244–1254. doi:10.1128/CVI.00434-15. 

Ojkic, D., M. Hazlett, J. Fairles, A. Marom, D. Slavic, G. Maxie, S. Alexandersen, J. Pasick, J. 

Alsop and S. Burlatschenko. 2015. 'The first case of porcine epidemic diarrhea in Canada'. 

The Canadian Veterinary Journal. 56:149-152. 

Opriessnig, T., X. J. Meng, and P. G. Halbur. 2007. Porcine circovirus type 2-associated disease: 

Update on current terminology, clinical manifestations, pathogenesis, diagnosis, and 

intervention strategies. Journal of Veterinary Diagnostic Investigation 19:591–615. 

Orsilles, M. A., E. Pieri, P. Cooke, and C. Caula. 2006. IL-2 and IL-10 serum levels in HIV-1-

infected patients with or without active antiretroviral therapy. APMIS. 114:55–60. 

Patterson, R., A. Nevel, and A. V. Diaz. 2015. Exposure to environmental stressors result in 

increased viral load and further reduction of production parameters in pigs experimentally 

infected with PCV2b. Veterinary Microbiology. 177:261-269. 

doi:10.1016/j.vetmic.2015.03.010. 



138 
 

Petry, D., J. Lunney, P. Boyd, D. Kuhar, E. Blankenship, and R. Johnson. 2007. Differential 

immunity in pigs with high and low responses to porcine reproductive and respiratory 

syndrome virus (PRRSV) infection. J Animal Science 85:2075–2092. 

Pinard-vander Laan, M.H., B. Bed'hom, J. L. Coville, F. Pitel, K. Feve, S. Leroux, H. Legros, A. 

Thomas, D. Gourichon, J. M. Repérant, and P. Rault. 2009. Micro satellite mapping of QTLs 

affecting resistance to coccidiosis (Eimeria tenella) in a Fayoumi White Leghorn cross. BMC 

Genomics 10:31. 

Piramuthu, S. 2004. Evaluating feature selection methods for learning in data mining applications. 

Eur. J. Operational Res. 156:483–494. doi:10.1016/S0377-2217(02)00911-6. 

Pitts, A. D., D. M. Weary, E. A. Pajor, and D. Fraser. 2000. Mixing at young ages reduces fighting 

in unacquainted domestic pigs. Appl Anim Behav Sci. 68:191–197. 

Plastow, G. S. 2016. Genomics to benefit livestock production: improving animal health. R. Bras. 

Zootec. 45:349-354. 

Polat, K., and S. Güneş. 2007. An expert system approach based on principal component analysis 

and adaptive neuro-fuzzy inference system to diagnosis of diabetes disease. Digital Signal 

Processing 17702:710. doi:10.1016/j.dsp.2006.09.005 

Polonsky, M., B. Chain, and N. Friedman. 2016. Clonal expansion under the microscope: studying 

lymphocyte activation and differentiation using live-cell imaging. Immunology and Cell 

Biology 94:242–249. doi:10.1038/icb.2015.104 

Puppe, B., M. Tuchscherer, and A. Tuchscherer. 1997. Effects of social status after mixing on 

immune, metabolic, and endocrine responses in pig. Livestock Production Science 48:157-

164. 

http://dx.doi.org/10.1016/S0377-2217(02)00911-6


139 
 

Rauw, W. M., E. Kanis, E. N. Noordhuizen-Stassen, and F. J. Grommers. 1998. Undesirable side 

effects of selection for high production efficiency in farm animals: a review. Liv. Prod. Sci. 

56:15-33. 

Reeth, V. K., S. V. Gucht, and M. Pensaert. 2002. Correlations between Lung Proinflammatory 

Cytokine Levels, Virus Replication, and Disease after Swine Influenza Virus Challenge of 

Vaccination-Immune Pigs. Viral Immunology 15:583–594. 

Reichard, M. V., and J. E. Thomas. 2012. Mange in Pigs. Merck Veterinary Manual.  

http://www.merckvetmanual.com/integumentary-system/mange/mange-in-pigs (Accessed 

18 December 2017).  

Renukaradhya, G. J., K. Alekseev, K. Jung, Y. Fang, and L. J. Saif. 2010. Porcine Reproductive 

and Respiratory Syndrome Virus–Induced Immunosuppression Exacerbates the 

Inflammatory Response to Porcine Respiratory Coronavirus in Pigs. Viral Immunology 

23:457–466. doi: 10.1089/vim.2010.0051 

Rincon, M., J. Anguita, and T. Nakamura. 1997. Interleukin (IL)–6 directs the differentiation of 

IL-4–producing CD41 T cells. J. Exp. Med. 185:461–469. 

Roitt, I., J. Brostoff, and D. Male. 2001. Immunology. London: Mosby. 

Rothschild, M. F. 1998. Selection for Disease Resistance in the Pig. NSIF. East Lansing Marriot, 

East Lansing, Michigan. Volume 23. 

Rothschild, M.F. 1989. Selective breeding for immune responsiveness and disease resistance in 

livestock. AgBiotech News and Information 3:355-60. 

Rowland, R. R. R., J. Lunney, and J. Dekkers. 2012. Control of porcine reproductive and 

respiratory syndrome (PRRS) through genetic improvements in disease resistance and 

tolerance. Front. Gene. 3:260. doi: 10.3389/fgene.2012.00260 

http://www.merckvetmanual.com/integumentary-system/mange/mange-in-pigs


140 
 

Roy, B. A., and J. W. Kirchner. 2000. Evolutionary dynamics of pathogen resistance and tolerance. 

Evolution. 54:51–63. 

Royaee, A. R., R. Husmann, H. D. Dawson, G. Calzada-Nova, W. M. Schnitzlein, F. Zuckermann, 

and J. K. Lunney. 2004. Deciphering the involvement of innate immune factors in the 

development of the host responses to PRRSV vaccination. Vet Immunol Immunopathol. 

102:199–216. 

RStudio Team. 2015. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL 

http://www.rstudio.com/. 

Sánchez-Vizcaíno, J. M., L. Mur, J. C. Gomez-Villamandos, and L. Carrasco. 2015. An update on 

the epidemiology and pathology of African swine fever. J Comp Path. 152:9–21. 

Sarker, N., M. Tsudzuki, M. Nishibori, H. Yasue, and Y. Yamamoto. 2000. Cell-mediated and 

humoral immunity and phagocytic ability in chicken lines divergently selected for serum 

immunoglobulin M and G levels. Poult. Sci. 79:1705–1709. 

Searcy-Bernal, R., I. A. Gardner, and D. W. Hird. 1994. Effects of and factors associated with 

umbilical hernias in a swine herd. J Am Vet Med Assoc. 204:1660-4. 

Serao, N. V. L., O. Matika, R. A. Kemp, J. C. S. Harding, S. C. Bishop, G. S. Plastow, and J. C. 

M. Dekkers. 2014. Genetic analysis of reproductive traits and antibody response in a PRRS 

outbreak herd. J Anim Sci. 92:2905-2921. 

Sibila, M., M. Calsamiglia, J. Segales, P. Blanchard, L. Badiella, M. L. Dimna, A. Jestin, and M. 

Domingo. 2004. Use of a polymerase chain reaction assay and an ELISA to monitor porcine 

circovirus type 2 infection in pigs from farms with and without postweaning multisystemic 

wasting syndrome. American Journal of Veterinary Research 65:88-92. 

http://www.rstudio.com/


141 
 

Sipos, W., J. C. Duvigneau, M. Willheim, F. Schilcher, R. T. Hartl, G. Hofbauer, B. Exel, P. 

Pietschmann, and F. Schmoll. 2004. Systemic cytokine profile in feeder pigs suffering from 

natural postweaning multisystemic wasting syndrome (PMWS) as determined by 

semiquantitative RT-PCR and flow cytometric intracellular cytokine detection. Vet 

Immunol Immunopathol. 99:63–71. 

Smart, S. J., and T. B. Casale. 1994. TNF-a–induced transendothelial neutrophil migration is IL-8 

dependent. Am. J. Physiol. 226:238–245. 

Song, D., H. Moon, and B. Kang. 2015. Porcine epidemic diarrhea: a review of current 

epidemiology and available vaccines. Clin Exp Vaccine Res. 4:166–176. 

Statistics Canada. 2015. The changing face of the Canadian hog industry. 

http://www.statcan.gc.ca/pub/96-325-x/2014001/article/14027-eng.htm (Accessed 1 August 

2017.) 

Stevenson, L. S., K. McCullough, I. Vincent, D. F. Gilpin, A. Summerfield, J. Nielsen, F. McNeilly, 

B. M. Adair, and G. M. Allan. 2006. Cytokine and C-reactive protein profiles induced by 

porcine circovirus type 2 experimental infection in 3-week-old piglets. Viral Immunology 

19:189-195. doi:10.1089/vim.2006.19.189 

Stoppelaar, S. F. de, C. van ‘t Veer, and T. van der Poll. 2014. The role of platelets in sepsis. 

Thromb Haemost. 112:666–677. doi:10.1160/TH14-02-0126. 

Straat, M., R. van Bruggen, D. de Korte, and N. P. Juffermans. 2012. Red Blood Cell Clearance 

in Inflammation. Transfusion Medicine and Hemotherapy 39:353-361. 

doi:10.1159/000342229. 

http://www.statcan.gc.ca/pub/96-325-x/2014001/article/14027-eng.htm
http://dx.doi.org/10.1160/TH14-02-0126


142 
 

Symonds, M. R. E., and M. Adnan. 2011. A brief guide to model selection, multimodel inference 

and model averaging in behavioural ecology using Akaike's information criterion. 

Behavioral Ecology And Sociobiology. 65:13-21. 

Thacker E. L., P. G. Halbur, R. F. Ross, R. Thanawongnuwech, and B. J. Thacker. 1999. 

Mycoplasma hyopneumoniae potentiation of porcine reproductive and respiratory syndrome 

virus-induced pneumonia J. Clin. Microbiol. 37:620-627. 

Thacker, E. L. 2001. Porcine respiratory disease complex – what is it and why does it remain a 

problem? Pig J. 48:66-70. 

Thanawongnuwech, R., A. Rungsipipat, S. Disatian, R. Saiyasombat, S. Napakanaporn, and P. G. 

Halbur. 2003. Immunohistochemical staining of IFN-gamma positive cells in porcine 

reproductive and respiratory syndrome virus-infected lungs. Vet. Immunol. Immunopathol. 

91:73–77. 

Thanawongnuwech, R., and S. Suradhat. 2010. Taming PRRSV: Revisiting the control strategies 

and vaccine design. Virus Research 154: 133-140. doi:10.1016/j.virusres.2010.09.003 

Thomas, M. R., and R. F. Storey. 2015. The role of platelets in inflammation. Thromb Haemost. 

114:449-58. doi:10.1160/TH14-12-1067. 

Thompson-Crispi, K. A., and B. A. Mallard. 2012. Type 1 and type 2 immune response profiles 

of commercial dairy cows in four regions of Canada. Can. J. Vet. Res. 76:120–128. 

Thompson-Crispi, K. A., M Sargolzaei, R. Ventura, M. Abo-Ismail, F. Miglior, F. Schenkel, and 

B. A. Mallard. 2014. A genome-wide association study of immune response traits in 

Canadian Holstein cattle. BMC Genomics 15:559.  



143 
 

Thompson, K. A., N. Karrow, K. E. Leslie, M. Quinton, F. Miglior, and Mallard B.A. 2010. 

Phenotypic and Genotypic Variation of Bovine Immune Responses in Cohort Dairy Herds 

across Canada. Proc. Int. Dairy Fed. 1:315-321. 

Thorn, C. E. 2010. Hematology of the Pigs. In: D. J. Weiss, K. J. Wardrop, editors. Schalm’s 

Veterinary Hematology. Wiley-Blackwell, Ames, IO. p. 843-849. 

Tribout, T., J. C. Caritez, J. Gruand, M. Bouffaud, and P. Guillouet. 2010. Estimation of genetic 

trends in French Large White pigs from 1977 to 1998 for growth and carcass traits using 

frozen semen. J Anim Sci. 88:2856–2867. 

van der Steen, H. A. M., G. F. W. Prall, and G. S. Plastow. 2005. Application of genomics to the 

pork industry. J Anim Sci. 83:E1-E8. 

Van Vleck, L. D., R. A. Westell, and J. C. Schneider. 1986. Genetic change in milk yield estimated 

from simultaneous genetic evaluation of bulls and cows. J. Dairy Sci. 69:2963–2965. 

doi:10.3168/jds.S0022-0302(86)80753-6. 

Vogel, K. D., J. R. Claus, T. Grandin, G. R. Oetzel, and D. M. Schaefer. 2011. Effect of water 

and feed withdrawal and health status on blood and serum components, body weight loss, 

and meat and carcass characteristics of Holstein slaughter cows. J. Anim. Sci. 89:538-

548. doi:10.2527/jas.2009-2675. 

Wagter, L., and B. A. Mallard. 2007. Method of identifying high immune response animals. 

University of Guelph. (7,258,858). 21-8-2007. US Patent. 

Wagter, L., B. A. Mallard, B. N. Wilkie, K. E. Leslie, P. Boettcher, and J. C. Dekkers. 2000. A 

quantitative approach to classifying Holstein cows based on antibody responsiveness and its 

relationship to peripartum mastitis occurrence. J. Dairy Sci. 83:488-498. 



144 
 

Wang, J., J. Chen, and S. Sen. 2016. MicroRNA as Biomarkers and Diagnostics. J Cell Physiol. 

231:25-30. doi:10.1002/jcp.25056.  

Wetten, M., T. Aasmundstad, S. Kjoglum, and A. Storset. 2007. Genetic analysis of resistance to 

infectious pancreatic necrosis in Atlantic salmon (Salmo salarL.). Aquaculture. 272:111–

117. 

Whitworth, K. M., R. R. Rowland, C. L. Ewen, B. R. Trible, M. A. Kerrigan, A. G. Cino-Ozuna, 

and R. S. Prather. 2016. Gene-edited pigs are protected from porcine reproductive and 

respiratory syndrome virus. Nature Biotechnology 34:20-22. doi:10.1038/nbt.3434 

Wilkie, B. N., and B. A. Mallard. 1999. Selection for high immune response: an alternative 

approach to animal health maintenance? Vet Immunol Immunopathol. 72:231–235. 

Wilkie, B. N., and B. A. Mallard. 2000. Genetic aspects of health and disease resistance in pigs. 

In: R. F. E. Axford, S. C. Bishop, F. W. Nicholas, editors. Breeding for disease resistance in 

farm animals. 2nd ed. CABI Publishing, NY. p. 379–396. 

Wolter, B. F., and M. Ellis. 2001. The effects of weaning weight and rate of growth immediately 

after weaning on subsequent pig growth performance and carcass characteristics. Can J 

Anim Sci. 81:363-369. doi:10.4141/A00-100 

Yuan, L., K. Wen, M. S. Azevedo, A. M. Gonzalez, W. Zhang, and L. J. Saif. 2008. Virus-specific 

intestinal IFN-gamma producing T cell responses induced by human rotavirus infection 

and vaccines are correlated with protection against rotavirus diarrhea in gnotobiotic pigs. 

Vaccine 26:3322-3331. 

Zelnik, V. 2003. Marek’s disease research in the post-sequencing era: new tools for the study of 

gene function and virus-host interactions. Avian Pathol. 32:323–333. 

https://doi.org/10.4141/A00-100


145 
 

Zhao, X., Z. Q. Du, N. V. Vukasinovic, F. R. Rodriguez, A. C. Clutter, and M. F. Rothchild. 2008. 

Candidate gene association for hernia and cryptorchidism in commercial lines of pigs. J. 

Anim. Sci. 86:2. 

Zhu, J., and W. E. Paul. 2008. CD4 T cells: fates, functions, and faults. Blood 112:1557-1569. 

 

 


